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Preface

Ion implantation represents a particularly useful means by which to modify the
surface properties of a variety of materials. This prosaic statement, however, does not
convey the depth of basic understanding which has been developed to fully utilize the
advantages of ion implantation. The interaction of a host lattice with the energetic
beams produces metastable states and structures which cannot be achieved by other
means. However, ion implantation also requires an understanding of the fundamental
physics and chemistry that dictate the interaction of the ion beam and the target. In
addition to the fundamental nature of the process, ion implantation is important to a
wide variety of technologies. While ion implantation has indeed become a
technologically important processing component of the semiconductor fabrication and
other industries, new developments demonstrate that ion implantation is an important
tool for basic research and for future applications, with nanoclustered materials as an
intriguing example. While the benefits of ion implantation are well recognized, recent
developments in this technology and in many different materials applications indicate
that a collection of papers — as produced here — is a relevant means by which to depict
some of the more exotic and novel approaches that involve ion implantation. This
book presents a collection of chapters which address novel aspects of ion implantation:
beam manipulation and modification, beam-solid interactions, physical and chemical
aspects of the implanted structures, and their characterization.

This monograph includes a series of overlapping chapters. The Physics of
Implantation sections describes improvements in beam manipulation through a
variety of means. Recent advances in nano-implantation have been achieved via high
resolution implant technologies and the use of nanostructure masks. The
developments of radio frequency quadrupole accelerators offer improved means to
control the incident ion beam to achieve high currents and high voltages in a compact
facility. Diatomic beam Coulomb heating values from both theoretical calculations and
experiments suggest that this understanding of beam / host interactions offer insight
into a universal model which can be applied to a wide variety of different systems.

Characterization of both the implanted species and the damage introduced to the
target is an increasingly important area of research. Spectroscopic ellipsometry
exemplifies a particularly useful means by which to understand the changes in optical
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properties brought on by implantation events. High resolution x-ray scattering has
been developed to assess the strain distribution in the target material as well as the
evolution of strain upon subsequent annealing. The local environment of the
implanted ions is well-classified through the use of other x-ray based techniques,
EXAFS and XANES, using the example of Mn implantation into III-V semiconductors.

Applications of ion implantation for different materials are well-represented here.
Although ion-implantation represents one method to modify materials, the range of
implant conditions provides for some very creative approaches. The ability to
optimize the properties of silicon nanoclusters in SiO2 through implantation using a
combination of properly chosen annealing and irradiation conditions shows promise.
Modification of phase change materials — crystallization rates and phase stability, for
example — are readily and controllably achieved through implantation of nitrogen or
oxygen. Implantation of low energy nitrogen in GaAs also modifies the surface to
produce quantum dot structures, alloyed semiconductors or GaN structures,
depending on the conditions. Implantation into IlI-nitrides and ZnO to modify
electrical properties has important technological applications as well as the study of
interesting physical interactions in these systems.

Using implantation to advance processing for a variety of device structures is also
becoming more important. Ion beams are used to modify optical properties of
dielectric materials to fabricate optical waveguides, other related photonic devices,
and novel crystal hosts. Focused ion beams represent another means to produce three-
dimensional structures, including those for piezoelectric nanostructures. Likewise the
formation of plasmonic nanocomposites using metallic species to form core-shell
geometries can be controlled through implantation. The use of annealing represents
another means of control of formation of nanostructures. Hydrogen and helium
implantation are used to exfoliate thin films of a variety of different semiconductors —
this technique is used to provide commercial silicon-on-insulator but there are many
more potential examples described here. Fluorine implantation has produced advances
in oxidation resistance of high temperature metal alloys through ion implantation, also
showing how implantation results can guide processing by other means. Each chapter
also has an extensive reference section, excellent background sections, and the use of
appropriate equations and modeling efforts to guide the presentations.

The field of ion implantation is not static. Improvements in equipment, understanding
of beam-solid interactions, applications to new materials, and the recent developments
to use implantation for nanostructure formation point to new directions for ion
implantation through the chapters in this book.

Prof Mark Goorsky

Department of Materials Science and Engineering
UCLA

Los Angeles

USA
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High-Resolution lon Implantation
from keV to MeV

Sébastien Pezzagna and Jan Meijer
RUBION, Ruhr-Universitit Bochum
Germany

1. Introduction

With the trend in miniaturisation of electronic, optoelectronic or photonic devices, it
becomes necessary to control, at the highest level, the number and positioning of dopant
atoms which are introduced in the devices by ion implantation. As well, new promissing
fields of research like quantum information processing in the solid-state also require an
exact placement of implanted atoms which could be operated as the quantum bits of a
future quantum computer (Ladd, 2010). In these purposes, an ideal ion implantation setup
would provide deterministic single ions and nanometer spatial resolution.

In this chapter we will mainly focus on the resolution of ion implantation in the keV to MeV
energy range. We will review the different ion implantation setups available at Bochum
university and show the precision at which ions can be implanted along the whole energy
range, that is from surface to bulk implant. Particular attention will be given to the
“nanoimplanter” system with which a lateral resolution of 15 nm has been demonstrated.
The nanoimplanter combines a low energy (5 kV) ion beam with the tip of an atomic force
microscope (AFM) in which a nano-hole is drilled and used as a movable mask.
Furthermore, a technique able to deterministically implant single ions will be presented. A
section will also be dedicated to our work oriented towards the creation of defect centres in
diamond which can find applications for many purposes: quantum computing, single
photon sources, magnetometry, bio-labelling, drug delivery or sub-diffraction optical
imaging. This latter application is directly beneficial for the ion implantation community:
single defects related to nitrogen in diamond and produced by ion implantation can be
imaged with a resolution of 6 nm. Sub-diffraction optical imaging offers a unique way to
visualize single implanted ions at a precision approaching the one of the lattice parameter.
We will use this technique along the chapter in order to precisely determine the resolution
which can be achieved by the different ion implantation techniques. We have therefore
implanted nitrogen ions in diamond with each of these techniques at the highest focus
possible and used optical nanoscopy to directly image the implantation spots. Although we
present here results obtained with nitrogen, the ion accelerators are versatile and the
implantation can be extended to any kind of ions at the same resolution.

2. Spatial resolution of ion implantation and its limiting factors

In the process of ion implantation, the spatial resolution is defined as the precision in the
final position of an implanted ion in the target material. It can be seen as a volume
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distribution in which the implanted ions will end up. To some extend, in the case of a single
ion, the spatial resolution can be assimilated as a position uncertainty around a most
probable position. In this chapter, we will discuss mainly the lateral resolution. The depth
resolution (implantation depth and its uncertainty) is directly related to the kinetic energy of
the ion and it will be considered to have only intrinsic physical limitations. We assume that
for all the implantation techniques presented here, the ion kinetic energy E is well known
and that AE/E is negligeable.

The lateral resolution is also intrinsically-limited due to ion-matter interactions. However,
the technical limitations related to the focusing capabilities of the implantation setup are in
most cases predominant. In this section, the intrinsic limitations will be first briefly reviewed
while the techniques to obtain the best focus will be presented in detail and discussed in
section 4.

2.1 lon straggle

Whatever the focusing capabilities of an ion implantation setup, ion straggle represents a
physical intrinsic limit of the spatial resolution which can be achieved. For a kinetic ion
propagating into a target material, straggling occurs due to the multiple collisions that the
ion experiences at the atoms of the material. It results in a broadening of the implantation
volume and can be associated to an uncertainty in the final position of each single implanted
ion. The straggle is defined as the square-root of the variance of the ion distribution. It is a
complex process which depends on several parameters such as the ion kinetic energy, the
nature of the target material, the temperature, the crystal orientation, etc.

()
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Fig. 1. (a) Optical image (side view) of a diamond sample implanted with a 3 MeV focused
proton beam at high fluence. (b) SRIM simulation of 3 MeV protons implanted in diamond.
(c) Plot of the ion range and straggle (lateral and longitudinal) simulated with SRIM for
hydrogen and nitrogen implanted into diamond.
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Figure 1a is an experimental illustration of ion straggle. It shows the side-view of a diamond
implanted at high fluence with 3 MeV protons. Defects are created along the whole ion
trajectory, mainly vacancies and interstitials. Above a certain ion fluence, the diamond
structure gets amorphised, allowing to “see” the implantation-induced defect region. At this
energy, most of the protons stop at the average depth of 49 pm, where a lateral broadening
associated to straggle can be observed. In this experiment, the ion beam size is about 8§ um
and the lateral resolution of the implantation is broadened up to around 10 pm due to
straggle. This experiment can be simulated using SRIM (Ziegler, 2008) as shown in figure 1b.
The obtained ion range is 48 um with a lateral straggle of 1.3 um. Figure 1c is a plot of ion
range (depth) and straggle as a function of ion energy in the case of nitrogen or hydrogen
ions implanted in diamond, simulated with SRIM. This graph shows that for applications
requiring very high precision in the implantation of impurity atoms and aiming at
nanometer resolution, a low ion energy has to be used in order to ensure a low ion straggle.

2.2 lon channeling

Ion channeling is another effect which may be important while implanting ions into
crystal substrates. Ions propagating along low-index crystallographic axes and planes
penetrate deeper and produce less defects. Channeling leads therefore to a loss of the
resolution in the depth direction. For a given crystal axis of the target material, channeling
occurs within an acceptance angle around this axis depending on several parameters
including ion nature, ion energy and sample temperature (Hobler, 1996). The part of the
implanted ions undergoing channeling is hardly predictable. An experimental
characterisation of channeling in the case of nitrogen ions implanted in diamond has been
shown recently using secondary ion mass spectrometry (Toyli, 2010). The measured depth
profiles show that a small part of the implanted ions can penetrate twice deeper as the
main implantation depth.

In order to avoid channeling during implantation, the sample has to be tilted away from any
channeling direction. In the case of a substrate cut along one of the principal
crystallographic planes, an angle of 7° with respect to the ion beam is generally the best
compromise. This is used in semiconductor technology with cubic semiconductors like
silicon and germanium.

2.3 Other factors

Due to the damage induced by ion implantation, the samples generally need to be annealed
in order to restore the crystal lattice. The heating process may lead to diffusion of the
implanted species and therefore a broadening of the implanted volume and a loss in the
resolution. In the case of diamond, the diffusion of impurity atoms is extremely small
(Craven, 2009; Harte, 2009) and, under the annealing conditions that we use (2 hours at
800°C), the implanted nitrogen atoms do not diffuse to a measurable extent. This is an
important point since the determination of the ion implantation resolution will be measured
in diamond samples that are annealed after being implantated.

In the case of insulating samples, the surface can charge up during ion implantation. This
phenomenum may be important especially in the case of low energy ions which can be
electrostatically deviated from their initial trajectory. This possible loss of resolution can be
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avoided by depositing a thin conductive layer on the sample before implantation or by
exposing the sample to an electron shower.

3. Optical nanoscopy to measure the spatial resolution

In this section, we describe the optical methods that have been chosen to characterise the
resolution of the different ion implantation techniques. We introduce the test “object” of the
whole chapter, the nitrogen-vacancy (NV) centre in diamond, a very common defect in
natural diamonds, responsible for pinkish colouration. Nowadays, synthetic diamonds with
extremely low impurity levels can be grown by chemical vapour deposition (CVD). The
concentration of nitrogen and boron (the most common impurity atoms in diamond) can be
reduced to a few parts per billion. The availability of such pure substrates enables therefore
an unambiguous optical characterisation of artificially-created defects.

Recently, new optical imaging techniques have broken the diffraction limit. Especially, high
resolution imaging has been demonstrated using NV centres as point objects to be imaged.
One of these techniques called stimulated emission depletion (STED) microscopy will be
introduced in this section (Hell, 1994). Using this method, NV centres have been revealed
with a lateral resolution of ~ 6 nm (Rittweger, 2009). We propose therefore to use STED
microscopy in order to characterise the focusing capabilities of our ion implantation
techniques. Indeed, NV centres can be easily and reliably fabricated in diamond by
implantation of nitrogen followed by annealing. Typically, annealing 2 hours at 800°C in
vacuum allows to restore the crystal lattice and to form the N-V bonding by diffusion of
vacancies to the nitrogen atoms.

3.1 Imaging single defects in diamond

Far-field optical microscopy using focused light is an efficient way to spatially map optical
centres in diamond. There are hundreds of optical centres known in diamond. Amongst
these defect centres, our interest for imaging the focus of ion beams goes to the nitrogen-
vacancy centre, for several reasons. The NV centre has strong optical absorption and
emission, single centres can therefore be imaged using standard confocal microscopy
(Gruber, 1997), it can be easily fabricated, it has a high temperature stability (up to 1500°C)
and does not bleach under laser excitation. Figure 2a shows the structure of an NV centre. It
consists of a substitutional nitrogen and a carbon vacancy at an adjacent lattice site. It can
exist in different charge states. A room-temperature photoluminescence spectrum of a
diamond containing NV centres is shown in figure 2b. This spectrum shows the zero
phonon line of the negatively charged NV- centre at 637 nm and a broad vibronic band up to
800 nm. The zero phonon line of the neutral NV is also visible at 575 nm. The inset in figure
2b depicts the energy diagram of the negatively charged NV-.

To image NV centres in diamond we use a homemade confocal microscope. An excitation
laser beam is focused on the sample through a microscope objective down to an effective
confocal volume of almost 1 pm3. The fluorescence light emitted from the excited volume is
collected by the same objective and sent to the detection part of the microscope passing
through a dichroic mirror (reflecting the excitation wavelength). The fluorescence is
detected using an avalanche photodiode after passing through a confocal pinhole to increase
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the signal-to-noise ratio. A typical saturation curve for a single NV centre (fluorescence
intensity vs laser power) is plotted in figure 2d. To produce an image, the sample is scanned
using a (x,y,z) piezo-element and the fluorescence is collected point after point (figure 2c).
The optical resolution of a standard confocal microscope is limited by diffraction: single
defects appear as a characteristic “confocal spot” of ~ 300 nm diameter. The resolution 4 is
given by d = 4 / 2 NA where A is the optical wavelength and NA is the numerical aperture
of the objective.
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Fig. 2. (a) Structure of a nitrogen-vacancy (NV) centre in diamond, made of a substitutional
nitrogen atom and a neighbouring carbon vacancy. (b) Photoluminescence spectrum of an
ensemble of NV centres at room temperature with laser excitation at 532 nm (courtesy of B.
Naydenov). The inset is a simplified energy level diagram of the negatively charged NV
centre (Manson, 2006). (c) Confocal scan of a diamond containing single NV centres. (d)
Saturation curve of the fluorescence intensity of a single NV centre as a function of the laser
power.

If two or more emitting centres are separated by a distance smaller than the resolution of the
microscope, they will not be optically resolved. Some of the ion implantation techniques
presented in this chapter promise a beam focus in the range of tens of nanometers or even
less. Confocal microscopy will therefore not provide enough optical resolution and sub-
diffraction imaging techniques will be required.
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3.2 High-resolution optical microscopy

A few new optical techniques have proven to break the diffraction barrier. One of these
techniques is particularly adapted to image NV centres in diamond: stimulated emission
depletion (STED) microscopy (Hell, 1994; Rittweger, 2009). STED microscopy is a far-field
fluorescence microscopy technique which switches off fluorescent objects outside a nano-
sized region using the process of stimulated emission. The simplified scheme of a STED
microscope is shown in figure 3. Two superimposed laser beams are required. A green
excitation beam (532 nm) having a Gaussian intensity distribution and a second beam (775
nm) having a torus intensity profile with a zero in the centre. The second beam is used in
order to deplete by stimulated emission the excited level of the fluorescent objects excited by
the first beam. Since the depletion beam has a zero of intensity in the centre, depletion
occurs outside the centre, above a certain intensity threshold. A fluorescent object at the
very centre is therefore not affected by the STED beam and shows normal fluorescence. The
resolution d of a STED microscope scales with the square root of the intensity I of the
depletion beam and is sensitive to the steepness of the intensity profile around the centre. It
is described by:

e A
2NAJT+1/I

where A is the optical wavelength, NA is the numerical aperture of the objective, and Is is the
characteristic saturation intensity of the NV centres. The setup that has been used for the
measurements presented in this chapter is equipped with pulsed excitation and depletion
beams (~ 100 ps pulse duration).

STED Excitation
775nm 532nm

Dichroic Dichroic
Scanner Sample mirror 1 mirror 2
xyz
Fig. 3. Simplified scheme of the stimulated emission depletion (STED) microscope used at
the Max Planck Institute in Gottingen, Germany (group of S. W. Hell).

They are synchronized to arrive simultaneously on the sample. The fluorescence signal
incoming from the reduced nano-sized area is collected after application of the pulses. The
images are obtained by scanning the sample mounted on a piezo-stage.

STED microscopy is possible with NV centres because they possess a strong electron-
phonon coupling and therefore a large PL sideband (excitation and depletion beam can be
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spectrally well separated). Moreover, their high photo-stability allows to apply high laser
intensities for the depletion beam and therefore to reach high resolutions.
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Fig. 4. Optical imaging by far field microscopy of NV centres created in diamond by
implantation of 5 keV nitrogen ions through a 120 nm aperture (Pezzagna, 2010b). Optical
measurements have been done at the MPI Géttingen, Germany (group of S. W. Hell). Both
images are 300x300 nm? scans of the diamond surface. (a) Confocal imaging is diffraction-
limited to ~ 300 nm. (b) STED breaks the diffraction limit and allows to visualise each
optical centre individually. (c) Intensity profile (line in (b)) of a single NV centre imaged by
STED microscopy.

An example of the imaging capabilities of STED microscopy in comparison with confocal
microscopy can be seen in figure 4. In this purpose, NV centres have been created in
diamond by implantation of nitrogen (5 keV, fluence 3x10!3 cm-2) through a nano-aperture
of diameter ~ 120 nm. Figure 4a shows the confocal fluorescence image of the diamond
surface where the nitrogen ions have been implanted. From the observed bright spot it is
impossible to retrieve the size of the aperture through which the NV centres have been
created. The number of NV centres present within the spot may be estimated by integrating
the intensity and comparing it to the intensity of a single NV centre. Note that for a small
number of NV centres, the study of the photon statistics using a “Hanbury Brown Twiss
interferometer” can also give access to the number of emitting centres (Jelezko, 2006).
However, in both cases, no spatial information can be found. In contrast, the STED
microscopy image is shown in figure 4b. Due to the strong increase in optical resolution,
almost all NV centres can be imaged separately. This allows to determine precisely the size
of the aperture used during the ion implantation. Note that implanting a higher nitrogen ion
fluence and therefore obtaining a higher density of NV centre would give an even better
image of the 120 nm aperture. Figure 4c shows the intensity profile of a single NV centre
corresponding to the line in figure 4b. The optical resolution of the STED microscope is here
about 10 nm.

4. lon implantation setups from keV to MeV

In this section, the different ion implantation techniques that are in use at the university of
Bochum are presented. They cover a wide ion energy range from keV to MeV and therefore
implantation depths from the very first nanometers to several micrometers or tens of
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micrometers. For each of these techniques we will show and discuss their capabilities in
terms of resolution.

4.1 4 MV Tandem accelerator

Different types of accelerators provide ions with high kinetic energy. Ion implantations with
kinetic energies from a few keV up to a few MeV can be produced by electrostatic
accelerators. The main parts of an accelerator are the ion source, the generator which
provides the acceleration voltage and the mass analyzing magnet. The setup of the ion
source depends on the desired ion species and the requested ion current. There are a large
number of sources available. The generation of the high voltage can be provided electrically
(e.g. using a Crockoff-Walton circuit) or by mechanical charge transport as realized in a van
de Graff or in a Pelletron accelerator. In the MeV regime, the electrical solutions provide a
higher stability but are of higher complexity. The mass separation is easily achieved by
magnetic fields. For low energy beams it is possible to install the mass separation before the
acceleration takes place in order to reduce the necessary field strength. Beside these
compounds, ion focusing and steering systems are necessary. The properties of an
accelerator are defined by its energy resolution, beam size and current for a given ion
species. The energy resolution AE/E depends on the stability of the ion source and the high
voltage generation. Using modern electronics, AE/E < 105 are typically available.

The 4 MV Dynamitron Tandem accelerator available at the university of Bochum can
provide ions in the energy range 300 keV to around 50 MeV, depending on the ion charge
state. Ion currents up to 100 pA can be reached. Elements are available as kinetic ions
provided they can be negatively charged. This accelerator is suitable for deep implantation
of ions in so-called bulk conditions, generally far from the surface influence. For the
implantation of large structures in a short time, the system is equipped with an ion
projection setup (not presented here). For the implantation of fine structures or of single ions
we use two different techniques: either directly focusing the beam to the sample using a
strong magnetic field or implanting through a mica mask containing nano-channels with
high aspect ratio.

4.1.1 Focusing with single lens superconductive solenoid

Microbeam systems are under development since the seventies. Most systems are based on
quadrupole lenses to focus MeV proton beams for analytical purposes. For a maskless ion
implantation, the focusing of heavy ion beams is necessary. Additionally, a fast change of
the focusing power is useful. Electrostatic lenses are too weak for this purpose and only
magnetic fields meet all the requirements.

A maskless and focused ion implantation below 1 pm can be achieved using a single-lens
system based on a superconductive 14 T solenoid without any ferromagnetic core. Such a
system has been developed in Bochum. A focusing power of 100 MeV a.m.u. can be
achieved which is enough to focus any ion in the energy range from 500 keV to more than 20
MeV. Moreover, a fast and easy change of ion species and/or ion energy can be done within
30 minutes. The chromatic aberration is comparable to the one of quadrupole systems.
However, the spherical aberration is about one order of magnitude smaller. The smallest
spot size achieved is about 400 nm, which corresponds to the expected theoretical value (as
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considering the diaphragm size and demagnification factor). However the alignment and
the focusing are extremely sensitive and the beam focus can hardly be reduced below 1 pm.
An electrostatic octupole placed inside the lens is used in order to scan the beam and to
correct the lens aberrations. A scheme of the system can be seen in figure 5a. A standard
beam focus can be estimated from figure 5b. It shows an array of spots made of a few NV
centres which has been created by the focused implantation of ~ 30 nitrogen ions (energy 11
MeV) per spot. In these conditions, the NV centres are 4.2 pm deep and the expected ion
straggle is about 120 nm. It can be seen that the beam focus is in the range of 1-2 pm. Better
focuses have nevertheless been achieved for the creation of pairs of close-by NV centres
(Meijer, 2005; Neumann, 2010) or of intrinsic TR12 centres (Naydenov, 2009).

Fig. 5. (a) Scheme of the ion microbeam setup. The ion beam delivered by the accelerator is
formed by an aperture and focused with the superconductive solenoid lens on the target. An
in-lens electrostatic octupole is used for correction of the lens aberration and for scanning
the ion beam (Pezzagna, 2011a). (b) Confocal fluorescence microscopy scan of an ultrapure
diamond implanted with 11 MeV nitrogen ions. The focused beam has been scanned in
order to produce a pattern of NV centres with a distance of 3 um. The average number of
implanted N per spot is 30. Each bright spot corresponds to a single NV centre.

(a) (b)

Elec%rostlatic X
lon beam octupote \ E—

\ Sample
ZOSOSOSOZOXO0
OO X

Diaphragm

Y (um)

Superconducting lens

4.1.2 Collimating through nano-channels in mica

Another possibility to obtain high-resolution implantation using MeV ions is to use a mask.
However, fabricating a mask able to collimate an MeV ion beam to a few tens of nanometers
is not trivial. It requires small channels inside a thick material to stop energetic ions, and
therefore with a high aspect ratio. In what follows, we show how mica can be used in such a
way, how nano-channels with an aspect ratio higher than 100 can be fabricated and how
ions can succesfully be implanted through the nano-channels. The nano-channels are
fabricated in a two step process. First, mica (muscovite) layers of 5 to 30 um thickness are
irradiated by swift heavy ions, samarium with an energy of 1,6 GeV. The energy is high
enough so that the ions go through the mica layer while they produce an ion track of
amorphous material (a few nm in diameter) across the mica sheet. The amorphous material
in the tracks presents a higher etcheability and can therefore be removed chemically in a
second step (Khan, 1981). We use an aqueous solution of hydrofluoric acid at 10%. The
result of such a process can be seen in figure 6a. Nano-channels with very smooth walls are
formed in the mica, all having the same rhombus-shaped opening. The size of the channels
depends on the time the layer is left in the acid solution. Channel sizes below 30 nm have
been demonstrated in 5 pm thick mica (Pezzagna, 2011b). Figure 6b shows the result of the
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implantation of nitrogen ions in diamond through such a mica layer with nano-channels.
The fluorescence scan of the diamond after annealing reveals the creation of NV centres.
Each bright spot corresponds to the fluorescence of one or several NV centres. We have
unfortunately not yet the possibility to show high-resolution STED microscopy pictures of
the single spots, however, previous measurements indicate that average spot size is
approaching the limit of the ion straggle. This result shows an increase in resolution of one
order of magnitude in comparison with the focusing using a superconductive lens.
Regarding the high aspect ratio of the nano-channels, it is however important to characterise
the transmission of ions through the mica layer. We first can indirectly estimate the
transmission by measuring the average number of NV centres created by the implantation
of N through a single nano-channel. We assume a creation yield of NV centres of 15%
(Pezzagna, 2010a). By measuring the second order autocorrelation function of the photon
emission statistics coming from each fluorescence spot (Hanbury Brown, 1956), we found
out that approximately 4% of the ions have been transmitted. To verify this estimation, we
performed a direct measurement of the transmission by shooting 1 MeV nitrogen ions on a
mica layer with nano-channels and using an ion detector placed directly after it. The layer
has been mounted on an 100 pm diameter aperture which can be tilted with respect to the
ion beam. In this experiment, the rate as well as the energy of the transmitted ions have been
measured as a function of the tilt angle. At maximum, the transmission is about 1% and an
energy broadening of the transmitted ions of about 175 keV is observed. If the mica is
slightly tilted (1.7°), the transmission strongly drops down and the energy maximum is
shifted down to 650 keV with a FWHM of about 500 keV.

(b)

=
E
I

Fig. 6. (a) Mica layer with nano-channels (Pezzagna, 2011b). (b) Confocal fluorescence scan

of an ultrapure synthetic diamond implanted with 1 MeV nitrogen ions through the mica
layer. Each spot corresponds to one or more nitrogen related optical centres.

Details of the experiment can be found in reference (Pezzagna, 2011b). The energy
broadening and the decrease of the energy maximum of the transmitted ions indicate that
ions are scattered at the walls of the nano-channels where they lose energy. We attribute this
to a misalignment of the ion beam and the nano-channels. Charging up of the mica layers
may also contribute to limit the transmission. Further investigations have to be done in
order to improve the transmission, however this technique offers an implantation resolution
for MeV ions approaching the straggling limit. In the future, single nano-channels will be
used to collimate high energy ion beams in order to achieve patterned implantations with
high resolution.
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4.2 100 kV negative ion accelerator

In the energy range of a few tens of keV or less, it is possible to use resist and electron beam
lithography to achieve high-resolution ion implantation. Typically, using PMMA
photoresist, one deposits a few hundreds of nm on top of the substrate. This means that the
energy of the ion has to be low enough to preclude any transmission through the resist
mask.
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Fig. 7. (a) SEM image of a PMMA photoresist mask patterned by electron beam lithography.
The estimated hole diameter is 65 nm and the resist thickness is 230 nm. (b) Confocal
fluorescence image of the surface of a diamond implanted with 55 keV CN- molecules
through a PMMA mask. (c) Zoom on the inset in (b). (d) STED image of the same confocal
spot, the single NV centres can be resolved. (e) Distribution of the number of NV centres per
spot, fitted by a Poisson distribution with an average value of 1,23.

The creation of NV centres in diamond with this technique has already been demonstrated
with 80 nm resolution (Spinicelli, 2011; Toyli, 2010). A compromise has to be found between
the resist thickness and the smallest details that one wants to achieve into the photoresist.
The use of a PMMA mask suits the 100 kV negative ion accelerator that is operated in
Bochum. A SEM picture of a PMMA with ~ 65 nm holes made by e-beam lithography is
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shown in figure 7a. The creation of NV centres by implantation of CN- molecules is shown
in figure 7b. Here also, confocal microscopy cannot provide informations on the spatial
resolution. We have therefore used STED microscopy on the brightest spot containing the
highest number of NV centres (figure 7c and 7d). The dimension of the spot (although not
circular) is about 60-80 nm which is in good agreement with the size of the holes observed in
the PMMA layer.

Note that this accelerator enables the implantation of CN- molecules which can be a unique
method to create a pair made of an NV centre and a close by 13C. As it will be seen in the last
section, the electron spin associated to an N'V- centre can be coupled with the nuclear spin of
a 1BC atom (provided both are separated by only a few nm) to build a quantum register
operating at room temperature.

4.3 5 kV nanoimplanter

In order to aim at the highest positioning precision of implanted ions, one has to reduce the
ion energy to a few keV or less. The 5 kV “nanoimplanter” is dedicated to ion implantation
with the smallest straggle possible and therefore targeting nanometer resolution. It
combines a low energy ion gun with an atomic force microscope (AFM), the tip of which is
pierced with a nano-hole (Meijer, 2008; Pezzagna, 2010b). Focusing such a low energy (a few
keV or less) ion beam to nanometer spot size is almost impossible due to chromatic
aberrations. The principle of the setup is therefore to use the nano-hole in the AFM tip as a
collimator of the ion beam which can moreover be addressed at any place of a substrate.
This system offers the possibility for example to previously image with the AFM tip a
structure in which ions have to be implanted (a photonic crystal, a planar micro-LED, a
quantum dot, etc.) and then to run the implantation process. The setup built in Bochum is
equipped with a gas-source ion gun (5 kV, SPECS IQE 12/38) combined with a Wien mass
filter (ExB). This provides positive species of any inert gas (He, Ar, Ne, Xe, Kr, N>) as well as
reactive ions by use of O, or H,. However, this source can be replaced by a liquid metal ion
source to extend the implantation possibilities to other atoms. The ion currents can be in the
range 10 pA to less than 1 pA and the acceleration voltage can be tuned from 5 kV down to
0,2 kV. A supplementary single electrostatic lens is used in order to focus the beam to the
sample. The minimum beam diameter obtained at the target sample position can be reduced
by using an aperture a few pm large placed before the single lens. The sample holder is
mounted on the piezo-electric scanner of the AFM which allows nanometer placement in a
range of 60 pm. The AFM scanner itself is mounted on a long-range step-motor table
providing um placement over several centimeters. The ion beam current is measured using
a Faraday cup fabricated directly on the sample holder and using a picoamperemeter. In the
case of very low currents, an electron multipler (detection efficiency > 90%) allows to detect
single ions. In order to align the AFM tip to the ion beam, an in-situ microscope objective
(10x) gives a live view of the sample. The AFM system (PI Instrument) works in contact
mode and uses piezoresistive cantilevers (Persaud, 2006). The AFM cantilever and tip are
made of silicon nitride and the tips are hollow. A view of the system is shown in figure 8a. It
is mounted on a vibration-free optical table and an ion pump is used during the ion
implantation with the tip in order to avoid vibrations. Figure 8b is a view inside the
chamber and figure 8c is a scheme of the setup showing the Faraday cup and the electron
multiplier (both not visible in figure 8b) which are used to measure the ion beam current.
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Fig. 8. 5 kV ion implanter combined with an AFM. (a) Picture of the chamber placed on a
vibration isolated optical table. (b) View inside the chamber. (c) Scheme of the sample
holder. The ion beam is fixed, therefore the sample holder can be moved using the
combination of a long range translation stage and the scanner of the AFM. The AFM tip is
controlled by another (X,Y,Z) arm.
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4.3.1 Drilling the nano-hole by focused ion beam

The nano-holes used to collimate the ion beam are drilled by focused ion beam (FIB) from
the backside of the AFM tip (figure 9a and 9b). A thin (a few nm) conductive layer is
generally deposited before the FIB process in order to avoid any charging up of the tip
which is based on silicon nitride. A Faraday cup may be placed below the AFM tip which
has to be drilled so that as soon as a hole is pierced an ion current can be measured and the
ion beam stopped. It is generally preferred not to drill the hole directly at the summit of the
tip (figure 9c) because it may be damaged or closed when in contact with the substrate to be
implanted. The hole shown in figure 9¢c has a diameter of about 80 nm. We choose the facet
presenting the highest incidence angle with respect to the ion beam in order to increase the
hole lifetime under ion bombardment. Due to the fact that the pyramidal tip is hollow and
thin, the holes can be drilled in a few seconds using 30 keV Ga* ions and a 10 pA current. A
typical example of collimated implantation through such a hole can be found in figure 4. It
will be described in section 4.3.3 how the size of the holes drilled by FIB can be reduced.

Fig. 9. (a) SEM image of the piezo-resistive cantilever at the end of which the tip is glued. (b)
SEM image of the hollow pyramidal AFM tip. (c) SEM image of the summit of the tip where
a nano-hole has been drilled by focused ion beam milling.

4.3.2 Alignment between AFM tip and ion beam

We use a piece of silicon covered with PMMA photoresist which is sensitive to the ion beam.
The position of the ion beam, as well as its diameter (figure 10a), can be precisely measured
in situ using a microscope objective (10x). The AFM tip is then aligned to the imprint of the
ion beam (figure 10b) which is confirmed by the shadow of the tip eclipsing a part of the ion
beam. In most of the applications, we use a large beam diameter (~ 20 pm) which allows an
easy alignment.

If the hole is placed close to the edge of the tip, there will be an implanted halo around the
tip. This should however be avoided for some specific applications. In such a case, one can
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either use a smaller beam focus (however with a more delicate alignment step), or use
another type of tip in which the hole is located in the middle of a much larger cantilever
thus allowing to use large beams and still ensure excellent alignment.

Fig. 10. In situ beam characterisation using PMMA photoresist. (a) Impact of the ion beam
on PMMA at different focusing voltages of the single lens for focus adjustment. (b)
Alignment of the mobile AFM tip to the fixed ion beam.

4.3.3 Reducing the size of the nano-holes

It has been shown that ion beam irradiation could lead to a reduction in the size of nano-
apertures. Li (Li, 2001) named this effect ion beam sculpting. We observe the same
phenomenon for the nano-holes in the AFM tips (Pezzagna, 2010b). Therefore, there exists a
way to control the closing or even opening of the nano-holes in a more or less limited way.
This allows to reach extremely small collimation of the ion beam and to perform ion
implantion at very high spatial resolution. Figure 11a shows the creation of NV centres by
implantation through a hole, the size of which has been previously reduced from 100 nm to
below 20 nm by ion beam sculpting. The STED image reveals an implanted spot (FWHM of
21 nm) in which the single NV centres can no more be resolved (figure 11b). The optical
resolution of the STED microscope is here of 10 nm. A critical point for this technique to
ensure the collimating of the ion beam is the distance between the nano-hole and the
substrate. The use of the AFM tip guaranties an excellent control of this distance. In case the
hole is far away from the surface (a few pm), undesired scattered ions may broaden the
implantation resolution. The technique using the pierced AFM tip provided to date the
highest precision in the creation of NV centres in diamond. It is important to note that using
the nano-hole as collimators, any kind of ions can be implanted and not only nitrogen.
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Fig. 11. (a) STED microscopy scan of the spot of NV centres created by implantation of 5 keV
nitrogen ions through a reduced nano-hole. (b) Intensity profile corresponding to the line
seen in (a). The optical resolution of the STED microscope is here 10 nm.

4.4 Towards deterministic ion implantation

An ideal ion implantation setup would provide nanometer spatial resolution of
deterministic single ions. We have just seen that resolution below 20 nm is possible and that
furthermore it can be even improved. However only a statistic number of ions can be
implanted. Although single implanted ions can be detected in some specific cases where the
secondary electrons produced by the impacts in the target are recorded, it would be much
more advantageous to directly shoot deterministic single ions from the accelerator. In this
view, the most promising method relies on an ion Paul trap out of which single ions can be
extracted and further accelerated and focused. Schnitzler et al. show that deterministic
single Ca* ions can be shot out of such a trap and detected by an electron multiplier
(Schnitzler, 2009). In terms of focusing, nanometer regime can theoretically be reached
provided the ions in the trap can be cooled down to their motional ground state. Energies in
the keV range should be reacheable as well as extraction rates in the kHz regime.

5. Applications of optical centres in diamond

There are several hundreds of optical centres known in diamond (Zaitsev, 2001) which cover
a large spectral range from ultraviolet to near infrared. The most prominent of them are the
nitrogen-vacancy NV centre, the silicon-vacancy SiV centre, the nickel-related NES8 centre, or
the chromium-related centres. All of these defects in diamond have been observed as single
centres and have shown single photon emission under optical excitation. One of the greatest
advantages of optical defects in diamond is their high stability and the possibility to create
some of them artificially, especially by high-resolution ion implantation, in bulk diamonds
but also in nano-diamonds. Diamond-based robust single-photon-sources using NV centres
(Kurtsiefer, 2000) are nowadays finding remarkable applications in many fields of physics
(applied and fundamental). They have been used for quantum cryptography (Beveratos,
2002; Alléaume, 2004) or single photon interference (Jacques, 2007). Electrically triggered
single-photon-sources are however still missing.
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In biology and medicine, NV centres imbedded in nanodiamonds are widely used as
fluorescent labels (Faklaris, 2008; Fu, 2007). They combine the advantages of high
brightness, excellent photostability and non-toxic nature of the nano-diamonds. The
continuous imaging of the digestive system and the cellular development of living worms
feeded with nano-diamonds has for example been demonstrated (Mohan, 2010).

Another promising application of the NV centre is quantum registers. The electron spin
associated to one single NV- centre can be polarised and read out optically and manipulated
using microwave pulses (Jelezko, 2004). Moreover, the coherence time of the electron spin
can be as long as 2 ms (Balasubramanian, 2009) in isotopically engineered diamonds (with
reduced [1C] concentrations) which has no equivalent in the solid state at room
temperature. The achievement of basic quantum information protocols necessitates
multipartite entangled states. Several qubits have to be coupled and controlled
independently in order to create such quantum states. This can be achieved in diamond at
room temperature; quantum registers using the interaction between the electron spin of an
NV defect and other neighbouring spins in the diamond matrix (nuclear spins of 13C
isotopes or of the nitrogen atom itself) have been demonstrated at 300K (Gurudev Dutt,
2007). A scalable quantum information architecture would however require the coupling
between distant NV centres. In the case of ultrapure CVD diamond substrates, the distance
should not exceed 20 nm (to keep coupling prevailing over decoherence). A quantum
register has also been demonstrated using the dipolar magnetic coupling between the
electron spins of two NV centres separated by 9 nm (Neumann, 2010). These NV centres
have been produced by the focused implantation of 2 MeV nitrogen ions. To create scalable
NV centres further efforts are however necessary: increase the creation yield from N to NV
during annealing (Pezzagna, 2010a) and achieve deterministic implantation of single
nitrogen ions.

High sensitivity magnetic sensors can also be realized using the spin properties of the NV
centres (Balasubramanian, 2008; Degen, 2008; Maze, 2008). In the case that a magnetic field
is applied in the vicinity of an NV centre, the ground state sublevels (m=+1) are splitted by
the Zeeman effect. This splitting can be measured by optically-detected magnetic resonance
technique. The frequency splitting between the two resonance lines is directly related to the
amplitude of the magnetic field. More sophisticated and sensitive techniques are based on
the determination of the magnetic field through the dephasing that it induces in Ramsey-
type experiments (Taylor, 2008). Two magnetometry approaches are possible: using a single
NV spin attached at a scanning probe or using ensemble of NV centres. The first approach
provides high resolution imaging while the second reaches high detection sensitivity.

For future quantum communication, the NV centre is however not the ideal single-photon-
source (Aharonovitch, 2011; Pezzagna, 2011a). Both in terms of spectral width and of
emission rate, other defect centres have been found (especially the “Chromium-related
centres”) which provide higher photon rates with narrower emission bandwith.
Unfortunately, it has not yet been possible to produce these centres in a reproducible way
neither by ion implantation nor during diamond growth. As a result, there is still a large
field to explore in the search of an ideal single-photon-source in diamond and the versatility
of ion implantation makes it be the technique of choice.
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6. Conclusion

Ion implantation is a unique tool which makes it possible to artificially place impurity atoms
in any host substrate. New implantation techniques allow for more precisely controlling the
position of implanted ions. In this chapter, we have reviewed some of the techniques
providing the highest focus for ion beams on a large energy range. To give a relevant
comparison, we have implanted nitrogen ions in diamond with each of these techniques in
order to produce the so-called nitrogen-vacancy (NV) defect centres. An extremely precise
determination of the lateral resolution was made possible by optically imaging the single
NV defects produced by implantation and taking advantage of the exceptional imaging
capabilities of new sub-diffraction optical microscopy. There is a physical limit to the ion
implantation resolution, mainly due to straggle and channeling. For a given ion and target
material, this limit depends only on the ion’s kinetic energy. Therefore, the implantation
resolutions obtained with techniques providing ions in different energy ranges should also
be compared with the intrinsic limit at the corresponding energies.
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Fig. 12. Lateral resolution vs ion energy plot of the state of the art ion implantation of
nitrogen in diamond. The grey line represents the lateral straggle for nitrogen in diamond.

Figure 12 is a plot of the state of the art lateral resolution which has been demonstrated at
different ion energies in the case of nitrogen ions implanted in diamond. The lateral
straggling is also plotted. The highest implantation precision (15 nm) has been obtained by
collimating the ion beam using an AFM tip pierced with a nano-hole (Pezzagna, 2010b). It is
possible to even improve this resolution as it has been shown that nano-hole diameters can
be reduced using the ion sculpting technique (Li, 2001). Note that the AFM-implanter
system provides ions possessing the lowest energy of all the techniques presented here and
therefore the lowest ion straggle. In the case of MeV ion beams, the collimation by nano-
channels in mica offers a precision approaching the straggle limit (Pezzagna, 2011b). Since
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this is a very new technique, further research will be necessary, especially to improve the
transmission of ions through the nano-channels.

Apart from the placement precision, the control of the number of implanted ions becomes
crucial in smaller implanted devices. Promisingly, the method based on an ultracold ion
trap (Schnitzler, 2009) presented in section 4.4 has already made possible the deterministic
implantation of countable single ions for the first time.

7. Acknowledgment

The authors acknowledge the financial support of the Volkswagen Foundation. The authors
acknowledge fruitful collaborations with the groups of Prof. Fedor Jelezko (Ulm University,
Germany), Prof. Jorg Wrachtrup (Stuttgart University, Germany), Prof. Stefan W. Hell (Max
Planck Institute Gottingen, Germany), Prof. Jean-Francois Roch (Ecole Normale Supérieure
de Cachan, France) and Prof. Alexander Zaitsev (Staten Island University, USA).

8. References

Aharonovich, I.; Castelletto, S.; Simpson, D. A.; Su, C.-H.; Greentree, A.-D. & Prawer, S.
(2011). Diamond-based single-photon emitters. Reports on progress in Physics, Vol.
74, pp. 076501

Alléaume, R.; Treussart, F.; Messin, G.; Dumeige, Y.; Roch, J.-F.; Beveratos, A.; Brouri-Tualle,
R.; Poizat, J.-P. & Grangier, P. (2004). Experimental open-air quantum key
distribution with a single-photon source. New |. Phys., Vol. 6, p. 92

Balasubramanian, G.; Chan, 1. Y.; Kolesov, R.; Al-Hmoud, M.; Tisler, J.; Shin, C.; Kim, C.;
Wojcik, A.; Hemmer, P. R,; Krueger, A.; Hanke, T.; Leitenstorfer, A.; Bratschitsch,
R.; Jelezko, F. & Wrachtrup, J. (2008). Nanoscale imaging magnetometry with
diamond spins under ambient conditions. Nature, Vol. 455, pp. 648-652

Balasubramanian, G.; Neumann, P.; Twitchen, D.; Markham, M.; Kolesov, R.; Mizuochi, N.;
Isoya, J.; Achard, ].; Beck, J.; Tissler, J.; Jacques, V.; Hemmer, P. R.; Jelezko, F. &
Wrachtrup, J. (2009). Ultralong spin coherence time in isotopically engineered
diamond. Nature Materials, Vol. 8, pp. 383-387

Beveratos, A.; Brouri, R.; Gacoin, T.; Villing, A.; Poizat, J.-P. & Grangier, P. (2002). Single
photon quantum cryptography. Phys. Rev. Lett., Vol. 89, p. 187901

Craven, ]J. A.; Harte, B.; Fisher, D. & Schulze, D. J. (2009). Diffusion in diamond. I. Carbon
isotope mapping of natural diamond. Mineralogical magazine, Vol. 73, pp. 193-200

Degen, C. L. (2008). Scanning magnetic field microscope with a diamond single-spin sensor.
Appl. Phys. Lett., Vol. 92, p.243111

Faklaris, O.; garrot, D.; Joshi, V.; Druon, F.; Boudou, J.-P., Sauvage, T.; Georges, P.; Curmi, P.
A. & Treussart, F. (2008). Detection of single photoluminescent diamond
nanoparticles in cells and study of the internalization pathway. Small, Vol. 4, pp.
2236-2239

Fu, C.-C.; Lee, H.-Y.; Chen, K.; Lim, T.-S.; Wu, H.-Y.; Lin, P.-K,; Wei, P.-K,; Tsao, P.-H,;
Chang, H.-C. & Fann, W. (2007). Characterization and application of single
fluorescent nanodiamonds as cellular biomarkers. Proc. Natl. Acad. Sci. USA, Vol.
104, pp. 727-732



22 lon Implantation

Gruber, A.; Drabenstedt, A.; Tietz, C.; Fleury, L.; Wrachtrup, J. & von Borczyskowski, C.
(1997). Scanning confocal optical microscopy and magnetic resonance on single
defect centres. Science, Vol. 276, pp. 2012-2015

Gurudev Dutt, M. V.; Childress, L.; Jiang, L.; Togan, E.; Maze, J.; Jelezko, F.; Zibrov, A. S,;
Hemmer, P. R. & Lukin, M. D. (2007). Quantum register based on individual
electronic and nuclear spin qubits in diamond. Science, Vol. 316, pp. 1312-1314

Hanbury Brown, R. & Twiss, R. Q. (1956). Correlation between photons in 2 coherent beams
of light. Nature, Vol. 177, pp. 27-29

Harte, B.; Taniguchi, T. & Chakraborty, S. (2009). Diffusion in diamond. II. High-pressure-
temperature experiments. Mineralogical magazine, Vol. 73, pp. 201-204

Hell, S. W. & Wichmann, J. (1994). Breaking the diffraction resolution limit by stimulated
emission: stimulated-emission-depletion fluorescence microscopy. Optics Letters,
Vol. 19, No.11, (June 1994), pp. 780-782

Hobler, G. (1996). Critical angles and low-energy limits to ion channeling in silicon.
Radiation effects and defects in solids, Vol. 139, pp. 21-85

Jacques, V.; Wu, E.; Grosshans, F.; Treussart, F.; Grangier, P.; Aspect, A. & Roch, J.-F. (2007).
Experimental realization of Wheeler delayed-choice gedanken experiment. Science,
Vol. 315, pp. 966-968

Jelezko, F.; Gaebel, T.; Popa, I.; Gruber, A. & Wrachtrup, J. (2004). Observation of coherent
oscillations in a single electron spin. Phys. Rev. Lett., Vol. 92, p. 076401

Jelezko, F. & Wrachtrup, ]. (2006). Single defect centres in diamond: a review. Phys. Stat. Sol.
(a), Vol. 203, pp. 3207-3225

Khan, H. A,; Khan, N. A. & Spohr, R. (1981). Scanning electron microscope analysis of etch
pits obtained in a muscovite mica track detector by etching in hydrofluoric acid
and aqueous solutions of NaOH and KOH. Nucl. Instr. and Methods, Vol. 189, pp.
577-581

Kurtsiefer, C.; Mayer, S.; Zarda, P. & Weinfurter, H. (2000). Stable solid-state source of single
photons. Phys. Rev. Lett., Vol. 85, pp. 290-293

Ladd, T. D.; Jelezko, F.; Laflamme, R.; Nakamura, Y.; Monroe, C. & O'Brien, J. L. (2010).
Quantum computers. Nature, Vol. 464, pp. 45-53

Li, J.; Stein, D.; McMullan, C.; Branton, D.; Aziz, M. J. & Golovchenko J. A. (2001). Ion-beam
sculpting at nanometre length scales. Nature, Vol. 412, pp. 166-169

Manson, N. B.; Harrison, J. P. & Sellars, M. J. (2006). Nitrogen-vacancy center in diamond :
model of the electronic structure and associated dynamics. Phys. Rev. B, Vol. 74, p.
104303

Maze, J.; Stanwix, P. L; Hodges, J. S;; Hong, S.; Taylor, J. M.; Cappelaro, P.; Jiang, L.;
Gurudev Dutt, M. V,; Togan, E.; Zibrov, A. S.; Yacoby, A.; Walsworth, R. L. &
Lukin, M. D. (2008). Nanoscale magnetic sensing with an individual electronic spin
in diamond. Nature, Vol. 455, pp. 644-647

Meijer, J; Burchard, B.; Domhan, M.; Wittmann, C.; Gaebel, T.; Popa, I; Jelezko, F. &
Wrachtrup, J. (2005). Generation of single color centers by focused nitrogen
implantation. Appl. Phys. Lett., Vol.87, pp. 261909

Meijer, J.; Pezzagna, S.; Vogel, T.; Burchard, B.; Bukow, H. H.; Rangelow, I. W.; Sarov, Y.;
Wiggers, H.; Pliimel, I, Jelezko, F.; Wrachtrup, J.; Schmidt-Kaler, F.; Schnitzler, W.



High-Resolution lon Implantation from keV to MeV 23

& Singer, K. (2008). Towards the implanting of ions and positioning of
nanoparticles with nm spatial resolution. Appl. Phys. A, Vol.91, pp. 567-571

Mohan, N.; Chen, C.-S.; Hsieh, H.-H.; Wu, Y.-C. & Chang, H.-C. (2010). In vivo imaging and
toxicity assessments of fluorescent nanodiamonds in Caenorhabditis elegans. Nano
Letters, Vol. 10, pp. 3692-3699

Naydenov, B.; Kolesov, R.; Batalov, A.; Meijer, J.; Pezzagna, S.; Rogalla, D.; Jelezko, F. &
Wrachtrup, J. (2009). Engineering single photon emitters by ion implantation in
diamond. Appl. Phys. Lett., Vol. 95, p. 181109

Neumann, P.; Kolesov, R.; Naydenov, B.; Beck, J.; Rempp, F.; Steiner, M.; Jacques, V.;
Balasubramanian, G.; Markham, M. L.; Twitchen, D. J.; Pezzagna, S.; Meijer, J.;
Twamley, J.; Jelezko, F. & Wrachtrup, J. (2010). Quantum register based on coupled
electron spins in a room-temperature solid. Nature Physics, Vol.6 , pp. 249-253

Persaud, A.; Ivanova, K,; Sarov, Y.; Ivanov, T.; Volland, B. E.; Rangelow, I. W.; Nikolov, N;
Schenkel, T.; Djakov, V. Jenkins, D. W. K., Meijer, ]J. & Vogel, T. (2006).
Micromachined piezoresistive proximal probe with integrated bimorph actuator
for aligned single ion implantation. J. Vac. Sci. Technol. B, Vol. 24, pp. 3148-3151

Pezzagna, S.; Naydenov, B.; Jelezko, F.; Wrachtrup, J. & Meijer, J. (2010). Creation efficiency
of nitrogen-vacancy centres in diamond. New J. Phys., Vol.12, pp. 065017

Pezzagna, S.; Wildanger, D.; Mazarov, P.; Wieck, A. D.; Sarov, Y.; Rangelow, I.; Naydenov,
B.; Jelezko, F.; Hell, S. W. & Meijer, J. (2010). Nanoscale engineering and optical
addressing of single spins in diamond. Small, Vol.6, pp. 2117-2121

Pezzagna, S.; Rogalla, D.; Wildanger, D.; Meijer, J. & Zaitsev, A. (2011). Creation and nature
of optical centres in diamond for single-photon emission - overview and critical
remarks. New . Phys., Vol.13, pp. 035024

Pezzagna, S.; Rogalla, D.; Becker, H.-W; Jakobi, I.; Dolde, F.; Naydenov, B.; Wrachtrup, J.;
Jelezko, F.; Trautmann, C. & Meijer, J. (2011). Creation of colour centres in diamond
by collimated ion-implantation through nano-channels in mica. Phys. Stat. Sol. (a),
Vol. 208, pp. 2017-2022

Rittweger, E.; Han, K. Y,; Irvine S. E.; Eggeling, C & Hell, S. W. (2009). STED microscopy
reveals colour centres with nanometric resolution. Nature Photonics, Vol.3, pp. 144-
147

Schnitzler, W.; Linke, N. M.; Fickler, R.; Meijer, J.; Schmidt-Kaler, F. & Singer, K. (2009).
Deterministic ultracold ion source targeting the Heisenberg limit. Phys. Rev. Lett.,
Vol. 102, p. 070501

Spinicelli, P.; Dréau, A, Rondin, L. Silva, F; Achard, J.; Xavier, S; Bansropun, S.;
Debuisschert, T.; Pezzagna, S.; Meijer, J.; Jacques, V. & Roch, J.-F. (2011).
Engineered arrays of nitrogen-vacancy color centers in diamond based on
implantation of CN- molecules through nanoapertures. New |. Phys., Vol.13, pp.
025014

Taylor, J. M.; Cappellaro, P.; Childress, L.; Jiang, L.; Budker, D.; Hemmer, P. R.; Yacoby, A.;
Walsworth, R. & Lukin, M. D. (2008). High-sensitivity diamond magnetometer
with nanoscale resolution. Nature Physics, Vol. 4, p. 482

Toyli, D. M.; Weiss, C. D.; Fuchs, G. D.; Schenkel, T. & Awschalom, D. (2010). Chip-scale
nanofabrication of single spins and spin arrays in diamond. Nano Letters, Vol.10,
pp. 3168-3172



24 lon Implantation

Zaitsev, A. M. (2001). Optical properties of diamond. A data handbook. (Springer) ISBN 3-
540-66582-X
Ziegler, J. (2008). The stopping range of ions in matter, SRIM-2008, online at http:/ /srim.org



2

Radio Frequency Quadrupole Accelerator:
A High Energy and High Current Implanter

Yuancun Niel?, Yuanrong Lu?*, Xueqing Yan2 and Jiaer Chen?
IState Nuclear Power Technology R&D Center, Beijing

2State Key Lab of Nuclear Physics and Technology (Peking University), Beijing
China

1. Introduction

In this chapter, issues of applying the radio frequency quadrupole (RFQ) accelerator to ion
implantation for material modification and microelectronics will be discussed at first.
Subsequently, several examples of the RFQ-based implanters will be introduced, with an
emphasis on the ladder IH-RFQ accelerator at Peking University, of which the output beam
energy spread is optimized to be much lower than the conventional value by means of a novel
beam dynamics design strategy. The chapter is divided into 6 sections, which are the
introduction, advantages of RFQ as implanter, problems and solutions of RFQ-based implanters,
several RFQs aiming at ion implantation, ladder IH-RFQ at Peking University, and summary.

RFQ accelerator, proposed by I. M. Kapchinsky and V. A. Teplyakov in 1970, can
simultaneously focus, bunch and accelerate low energy beam extracted from ion source
directly, based on the rf electrical field of a modulated quadrupole transport channell!l. The
details of its principle and development could be found in many literatures(23]. Taking
advantages of its high current, compact size and good ion selectivity, etc, RFQ has been
used widely in the field of particle accelerator, after 40 years’ development both in the beam
dynamics design and in the rf cavity structure [4l. At present, RFQs can provide high current
(up to hundreds mA) ion beams at energy level of MeV over the mass range from Hydrogen
to Uranium and the 5 MHz to 500 MHz frequency rangel5].

2. Advantages of RFQ as implanter

Many efforts have been made to apply the RFQ accelerator to ion implantation. Generally
speaking, the beam line of the RFQ-based implanter consists of the ion source, low energy
beam transport (LEBT), RFQ accelerator and the target, equipped with power system,
controlling system, vacuum and cooling systems, etc. The advantages of RFQ-based
implanter are concluded as follows:

e  The beam extracted from the ion source is accelerated further by the following RFQ, so
the beam energy can reach the order of several MeV, which fulfills the requirement of
deep deposition.

* Corresponding Author
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The current of heavy ion beam accelerated by the RFQ could be in the mA-range. For an
implant dose of 1018 ions/cm?, the implantation time needed is less than 3 minutes/cm?
using an ion beam with average current density of 1 mA/cma?.

RFQ can simultaneously accelerate positive and negative ions with the same charge to
mass ratiol6l. It makes full use of the rf power, and more importantly it avoids the
charge accumulation while doubling the implant flux density.

For a given RFQ, it is available not only for the designing ion beam, but also for other
ion species, as long as the injection energy and the inter-electrode voltage are adjusted
appropriately. For example, the 36 MHz IH-RFQ in the UNILAC accelerator of GSI can
accelerate all the heavy ions with charge to mass ratio greater than 1/65 from 2.2 keV/u
to 120 keV /ul’l.

Compared to the electrostatic accelerator, high voltage breakdown and high energy X-
ray radiations are reduced greatly for this case, because high voltage terminal is
avoided and the rf inter-electrode voltage in RFQ is normally below 100 kV.

The equipment is very compact. For instance, the 26 MHz ISR-1000 RFQ at Peking
University can accelerate 160+ beam from 22 keV to 1 MeV within 2.6 m, and the cavity
diameter is 0.75 ml8l.

3. Problems and solutions of RFQ-based implanters

The RFQ-based implanter has some drawbacks, i.e. the output beam energy is normally
fixed for a given RFQ, and the output beam energy spread is quite big (usually the full
width at half magnitude, FWHM energy spread is around 3%).

To make the output beam energy variable, two methods have been used, and they are:

Making the resonant frequency of the RFQ cavity variable. It is mostly applied to the 4-
rod RFQs. For instance, at Frankfurt University several VE (Variable energy) RFQs have
been developed, and the output energy range could be doubled and even more while
the ground plate connected to the stems is moved to vary the frequency (VF)bl. Hitachi
Ltd. also invented a variable energy RFQ linac with an external tunable one-turn coil,
and the variable resonant frequency range is from 9.6 to 39 MHz, which corresponds to
an energy variation of 16 times[l.

Changing the output energy by using a high voltage platform (HVP) or a Spiral Loaded
Cavity (SLC). The variation in the beam energy is continuous in the range determined
by the HVP, for example in Ref.[10], the 60 MHz RFQ implanter with the HVP at
voltage higher than 250 kV could provide a beam energy variable from 500 keV to 1.5
MeV for ions with charge to mass ratio 2/16. At Frankfurt University, a SLC was
coupled to the RFQ designed for the acceleration of N* from 50 keV to 1.5 MeV to vary
the beam energy in a range of +200 ke VI11l.

To reduce the output energy spread, non-adiabatic bunching method could be used and
there are also two ways:

The first one is the external bunching method. A beam dynamics design with energy
spread 0.6% has been realized for 1#C* beam using this method[!2l. However, the pre-
buncher used to produce a pulsed beam from a DC beam before the RFQ makes the
system complex, and the total beam transmission efficiency is constrained by it.

The second one is the internal discrete bunching method. Most recently, the low energy
spread beam dynamics design for ions with charge to mass ratio greater than 1/14 was
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accomplished[!3]. Optimization procedure of the design as well as its preliminary beam
experiment will be discussed in detail.

4. Several RFQs aiming at ion implantation

In the following Table 1, parameters of several typical RFQs for ion implantation in the
world are summarized.

Affiliation RFQ Ions or Energy  Current Frequency Length  Note
structure  charge-to- (MeV/u) (mA) (MHz) (m)
mass ratio
GSI Split coaxial ~ Ar*,Kr+* 0.045 5 13.5 9.4 Operation
Hitachi Inductance- P+ N+ 0.043 5 17.3 2.3  Operation
Capacitance

Hitachil%l 4-rod 1/31 0.036 1 21 23  VE(VF)
Peking Integral Split O+,0-, N* 0.0625 0.5 26 2.6  Operation
University Ring
Nissin 4-rod B+ N+,0O+ 0.0835 0.2 33.3 222 Operation
Seoull10] Modified 4- 2/16  0.0625+0.0313 2 60 1.57 VE(HVP)

vane
Simazu 4-vane B+ N+ P+ 0.09 0.1-0.4 70 2.1 Operation
Frankfurt 4-rod B+ 0.09 15 81 1.2 Operation
Frankfurt{!!] 4-rod 1/14 0.107+0.014 10 108.5 2.0 VE(SLC)

Table 1. Parameters of some RFQs for ion implantation (after Ref.[14])

5. Ladder IH-RFQ at Peking University

Since the year 2008, a 104 MHz ladder type IH-RFQ has been developed at Peking
University, for the acceleration of the ion species with mass-to-charge ratio smaller than 14
from 2.86 keV/u to 35.71 keV/u. As a specific feature, the output beam energy spread is as
low as 0.6% achieved through the internal discrete bunching method, which makes potential
applications of the RFQ feasible, such as accelerator mass spectrometry (AMS) and ion
implantation. Design procedures and the most recent experimental results of the ladder IH-
RFQ will be described in detail.

5.1 Beam dynamics design of the ladder IH-RFQ

In recent years, RFQ based 4C AMS application has been studied extensively at the Institute
of Heavy Ion Physics (IHIP), Peking University. Great efforts have been made to reduce the
output FWHM energy spread of the RFQ. Non-adiabatic bunching method could be used
owing to the lack of space charge effect since the current is usually weak. A beam dynamics
design with energy spread 0.6% has been realized by means of the external bunching
method. However, the total beam transmission efficiency is constrained by the pre-buncher
used to produce a pulsed beam before it is injected into the RFQ. For this reason, we tried
another possibility, the internal discrete bunching method proposed by J. W. Staples at
LBNL to reduce the output energy spread without the pre-buncher(!5l. The final low energy
spread beam dynamics design for 14C+ RFQ was accomplished. Optimization procedure of
the design along with its performances will be reported.
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The operating frequency 104 MHz was chosen because of the limitation of the existing rf
power transmitter, and our interest of investigating the ladder type IH-RFQ structure [13], in
which the four electrodes are supported alternately by erect stems mounted to the external
cavity from top to bottom equidistantly, different from the traditional 4-rod RFQ and IH-
RFQ structures. Properties of the ladder IH-RFQ will be studied in the next section.

According to the strategy of the internal discrete bunching, the whole RFQ beam dynamics
design is divided into five sections, different from the conventional four-step method
developed at LANL U[6], consisting of the radial matcher, the buncher section, the drift
section, the transition section and the acceleration section. With the buncher and drift
sections serving as an internal non-adiabatic buncher, the new method reduces the output
longitudinal emittance significantly and transverse emittance slightly compared with the
traditional one. However, neither this strategy nor the conventional method takes into
account the match between the beam size and the acceleration channel carefully, leading to
beam envelope mismatch and even particle loss. According to the beam matching equation
for weak current
4.2 2
=" 1)

where ¢, is the normalized rms (root mean square) emittance, ao is the transverse rms beam
radius, y is the relativistic gamma, A is the rf wavelength, and o is the transverse phase
advance without current. o; can be obtained by solving the transverse motion equation, i.e.
the Mathieu Equation, and we have

B2
ol = S tA @)
T

where B is the focusing parameter for the RFQ accelerator, while 4 is the defocusing factor,
which are defined as follows

A gen? AV sin g,
2myc* By 3)
B qel*FV
myc’a’y
where A, V, ¢, F are the acceleration coefficient, inter-electrodes voltage, synchronous phase
and focusing factor, respectively, S, is the relativistic velocity, a is the minimum aperture
radius between two opposite electrodes of one acceleration cell. Based on the matching
design method ['7], we enhance the focusing parameter B gradually as the defocusing factor
|A| increasing due to the growing acceleration coefficient A, during the first stage of the
transition section that serves as the shaper section in the four-step method. Nevertheless, in
the acceleration section, B is decreased slowly since |A| is reduced because of the rapidly
increasing beam energy. The above improvements make the transverse phase advance o
constant, thereby the beam matched, accordingly suppress the emittance growth and
minimize the particle loss.

In addition, there is an approach to reduce the RFQ energy spread furthermore, which can
be shown by
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AWy, =[ 28eAVIV, (9, cos g, —sing, )]1/2 4)

where Awmay is the separatrix height that indicates the maximum beam energy spread, ¢ is
the charge-to-mass ratio q/Ao of the ion, e is the charge of an electron, and Wi is the kinetic
energy of the synchronous particles. It can be seen that the energy spread can be reduced by
decreasing A and the inter-electrode voltage V while increasing the synchronous phase ¢s,
where lower A means lower electrode modulation m. It means that ¢ should be as large as
possible even close to 0° at the last acceleration cell in order to achieve low energy spread,
not necessarily be -30° as usual. For our case, the frequency 104 MHz is relatively high for
14C jons with g/A¢=1/14, which destines a small aperture radius a in order to obtain
sufficient focusing strength under a certain V. Small aperture radius means small electrode-
tip radius ro to avoid excessive Kilpatrick coefficientl2l. To relax the manufacture pressure of
the electrodes, we have to enhance V to increase a, unfortunately, it conflicts with reducing
not only the energy spread but also the power consumption. As a result of the compromise,
an inter-electrode voltage 60 kV is used.

The main parameters were generated by the matched and equipartitioned design code
MATCHDESIGN developed at IHIPI7, while the non-adiabatic buncher section was
designed by the code of Staplesl!®l. Beam transport simulation was performed by the
program RFQDYN derived from PARMTEQL. In order to make a as large as possible, we
tried to reduce B during the transition section and the acceleration section while ensuring
the balance between defocusing and focusing of the beam. It finally induced 2% particle loss
at the transverse direction. The final value of the synchronous phase ¢s was set to be -6° at
the end of the acceleration section, which decreased the output beam energy spread and
additionally quickened the acceleration process. The modulation parameter m was also
evolved carefully, in view of that large modulation is advantageous to particle acceleration,
but disadvantageous to reducing the energy spread.

Figure 1 shows us the evolutions of the focusing parameter B as well as the acceleration
coefficient A along with the cell number for the final beam dynamics design. The other
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Fig. 1. Variations of the focusing parameter and the acceleration coefficient with the cell
number of the ladder IH-RFQ.
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dynamics parameters of the RFQ are plotted in Fig. 2. The rapidly advance of ¢s leads to a
small portion of particles lose their balances of the longitudinal motion and can’t be
accelerated effectively. This explains why a tail appears in either the output energy
spectrum or the output phase spectrum. The resultant transmission is 97.6%, while 80%
particles are in the phase range of +15° around ¢s, and 90% for +30°. Meanwhile, more than
90% particles are limited by the energy range +15keV, with the FWHM energy spread 0.6%.
The total length of the electrode is about 1.1 m to accelerate the 14C* beam from 40 keV to
500 keV, which is supposed to be slightly longer than that of the external bunching method
due to the implanted non-adiabatic buncher. In view of the overall simplified system and
much higher transmission efficiency in total, the internal non-adiabatic bunching strategy is
a competent candidate to design the RFQ for AMS application.
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Fig. 2. The main beam dynamics parameters varying with the cell number of the ladder IH-
RFQ.

Responses of the beam transmission efficiency and the output beam energy spread to input
Twiss parameters (a, ), current and emittance (normalized, rms) are presented in Fig. 3,
with the design values (0.31, 2.19 cm/rad), 0 mA, 0.042 mm-mrad, respectively. Figures 3(a)
and 3(b) illustrate that neither the beam transmission efficiency nor the output beam energy
spread is sensitive to the Twiss parameters, since all the fluctuations are acceptable within
the plotted ranges. The influences of the input emittance on the transmission efficiency and
output energy spread are observed but tolerable considering that even when it is twice the
design value, the transmission efficiency and energy spread are still higher than 90% and
below 1.5%. A remarkable feature is that the transmission efficiency and energy spread are
better than 93% and 0.8% at the current 1 mA, despite the beam dynamics was optimized at
0 current.
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Fig. 3. Stability studies of the beam dynamics design of the ladder IH-RFQ: beam
transmission efficiency versus Twiss parameters in (a), output beam energy spread versus
Twiss parameters in (b), beam transmission efficiency versus input current and emittance in
(c), output beam energy spread versus input current and emittance in (d).

The design has been proved to be suitable for various ion species with different charge-to-
mass ratio q/mo and even different frequencies, as long as the operating parameters are
chosen appropriately. According to (3), it can be seen that the focusing strength B is
proportional to g/mp, A2 and V. Meanwhile, the length of one acceleration cell is f,A/2. For
given electrodes structure, when q/mg or A changes, V and f, i.e. the injection energy
Wi=1/2mgv? should be adjusted to keep B and the injection cell length unaltered, hence
achieve the matching between the acceleration channel and the input beam. The beam
dynamics parameters are listed in Table 2.

Ion species uCH BC+ 12C+ 4He+ 4Het 4He+
Frequency f (MHz) 104 104 104 104 100 106.4
Inter-electrode voltage V (kV) 60 55.7 514 171 15.9 17.9
Injection energy W; (keV) 40 37.1 34.3 114 10.6 12.0
Output energy Wou (keV) 500 464 428 143 132 150
Transmission T (%) 97 97 97 97 97 97
Energy spread (%) 0.6 0.6 0.7 1.0 1.1 1.0

Table 2. Beam dynamics parameters of the ladder IH-RFQ

5.2 RF design of the ladder IH-RFQ

According to the above beam dynamics design, the average electrode-tip radius is 3.1 mm
corresponding to the average aperture radius 3.5 mm. Figure 4 shows the resonant model of
CST Microwave Studio (MWS)[18] simulations for the ladder IH-RFQ. Simulation results of
the electromagnetic field validated that the ladder IH-RFQ operates at Hip) mode. As a
consequence, the resonant frequency of it is unsurprisingly more than two times that of IH-
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RFQ and about 1.3 times that of 4-Rod RFQ under the same transverse dimension, making it
very attractive at frequencies above 100 MHz. Moreover, in respect that the electrodes are
supported by completely symmetric stem structures, the quadrupole field of the ladder IH-
RFQ is ideal unlike the 4-Rod RFQ and IH-RFQ, the dipole components of which are
typically 2-3% and 0.5%, respectivelyl19].

Support ster

Fig. 4. MWS simulation model of the ladder IH-RFQ.

Many authors have reported their studies on the RFQ cavity modelingl202l. The
conventional electrical model are shown in Fig.5, consisting of the equivalent resistance,
inductance, capacitance and parallel shunt impedance, denoted by R, L, C and R,,
respectively. According to the definitions of intrinsic quality factor Qo=wIV/P and shunt
impedance R,=V2/P, with the resonant frequency o@=2mnf=1/(LC)'/2, average energy stored
in one period W=1/2I2L.=1/2CV2 (where [ is peak current and V is peak voltage), and power

dissipation P=1/2I?R, we have
1|L Rp [C
= — _——=— — 5
Q=3 Ve 2\L ©)

For RFQ cavity having N basic resonant cells, the relation between the total R, L, C, I and the
corresponding values of one cell Reelt, Leell, Ceell, Icett Will be

I:NIceII/C:NCceH’L:L /N’R:Rcell/N (6)

cell

when ignoring the end effect. Combining (5) with (6) we find

QO = QO,cell s Rp = R'p,cell /N (7)

where cell denote the values of single cell. For ladder IH-RFQ, Fig.6 shows the simplified
circuit of one cell with

Ccell = 2Cstem +Cr0d ; Lcell = Ls’tem /2 ; Rcell = Rstem /2 (8)

In (8) it is assumed that the resistance and inductance are mainly attributed to the stems,
while the capacitance arises from the two pairs of opposite electrodes and adjacent stems
with Cioq several times greater than Cgem generally.
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Fig. 6. Equivalent circuit of single cell for the ladder IH-RFQ.

Based on the equivalent circuit analysis, table 3 lists the MWS-simulated rf properties of
different RFQ structures at the same transverse size, which is in agreement with the
theoretical predictions.

RFQ Structures  Frequency Shunt Quality The first High-mode
(MHz) impedance (kQ) factor Frequency (MHz)
IH-RFQ 46.5 273 5934 137.2
4-rod RFQ 77.9 155 5077 143.9
Ladder IH-RFQ 103.6 100 5192 156.3

Table 3. Comparison of different RFQ structures at the same transverse size

Mode analysis of the RFQ was performed using the eigenmode solver of MWS. Fig. 7 shows
the electric field, magnetic field and surface current distribution. It can be seen that the two
parts of inductance and resistance of one stem are in parallel. These results agree with the
electromagnetic field distribution of a H210 mode, and the expectation from Fig.6.
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Fig. 7. MWS-simulated results of the electromagnetic field and surface current flow of the
ladder IH-RFQ.

The RFQ structure was optimized by parameter sweeping to find the maximum Qo, Ry, and
minimum P at 104 MHz. Some conclusive results are as follows.

1.

Stem number Nsem: The beam dynamics design established the inter-electrodes
aperture and the electrode length, therefore the first parameter to be studied is the stem
number Ngem used. Bigger Ngem means shorter distance between adjacent stems d,
leading to decreasing Lcai and Ceen, but slightly increasing Reen in view of more serious
proximity effect. Taking (6) into account, R, L will decrease while C increase because of
the increment in Cgem, finally resulting in bigger f as illustrated by MWS simulations.
The cavity diameter D has to be scaled to keep f 104 MHz. Fig.8 shows the relevant
simulation results, according to which 10 stems was employed.

Cavity diameter D: As a variable D is always used to make f unaltered when sweeping
the other parameters. When f needs to be lowered, D should be extended to make Lsiem,
Cstem as well as Rgem bigger.

Stem spacing d: Over the 95 mm to 115 mm d range in 5 mm increments with Ngsem=10, f
decreases while R, and Qo increase due to smaller Csem, Rstem and bigger Lsem with
increasing d. After adjusting D, it was found that R, and Qo are approximately
proportional to d, taking into account the end effects and the mechanical feasibility
d=110 mm was eventually chosen.

Stem width Wiem: The increase in Cgem, and decrease in Lsem as well as Rgiemm With Witem
over the simulation range result in increasing f and Qo but decreasing R,. By adjusting
D, it could be seen that there is a peak value of R, this is why Wsem=130 mm was
adopted to make power loss least.

The inter-electrodes voltage is usually supposed to be constant longitudinally when carrying
out the beam dynamics design. So it has long been an important topic that how to tune the
voltage unflatness of the RFQ owing to the end effect and modulated electrodes to ensure a
good beam quality. For the ladder IH-RFQ, adjustable tuning plates as shown in Fig.4 can be
inserted into two neighboring stems symmetrically up and down, which is similar to the case
of the 4-Rod RFQI[2. The tuning plates serve as short pieces of stems, changing their
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inductances thus the frequency and field strength. To verify their tuning capability,
corresponding simulations were performed for different tuning plate heights 0, 50 and 100
mm, of which the results are plotted in Fig.9. Here electric field is equal to the voltage between
relevant electrodes, since the electrodes are unmodulated with uniform aperture radius. It can
be seen that the field unflatness achieves its optimum value 2% when the tuning height is 100
mm. Tuning plates cause increment in the eigenfrequency of RFQ, so f is generally set to be
several percents lower than the desired value to leave enough tuning space.
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Fig. 9. Variations of the field unflatness with tuning plates height of the ladder IH-RFQ.

5.3 Experimental studies on the ladder IH-RFQ

The constructed ladder IH-RFQ cavity is shown in Fig.10. The geometrical parameters are as
follows: the cavity is 720 mm in diameter and 1123 mm in length; 10 supporting stems with
width and spacing of 130 mm and 110 mm, respectively, are used. The stems are mounted
on two fixing plates up and down to improve the mechanical performance and in the

Fig. 10. The constructed ladder IH-RFQ cavity.
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interest of installation. The stems and plates are made of oxygen free copper, and there are
water-cooling channels in them. The inner wall of the cavity tank is well plated with copper
of more than 0.1 mm in thickness to improve the rf performances. In order to fix the stems
and plates on the tank, four copper blocks with tuning thickness 30 mm are used, which will
make the resonant frequency higher and improve the field unflatness at the same time.

On the basis of transient simulations with MWS, a magnetic coupling loop with size of
about 90 mmx50 mm in between two neighboring stems was established for rf power
feeding of the ladder IH-RFQ. The critical coupling condition was met after proper
adjustment of the loop orientation, and the result is shown in Fig.11(a). The cold
measurement was performed by means of a vector network analyzer and the capacitance
perturbation method. S-parameters were measured using an Angilent 8753E network
analyzer, and the loaded quality factor Qi was obtained by 3 dB method. Consequently, the
unloaded or intrinsic quality factor Qo could be computed using Qo=Qr(1+f.), where the
coupling factor f. is defined as Qo/Q. with the external quality factor Q.. During the
experiment, a very small pick-up loop was used to weaken the influence of it on the cavity
properties, as a result, f~1 for critical coupling, i.e. Qo=Q.. Referring to the shunt
impedance, the perturbation capacitor method was adopted as described in Ref.[23,24].
According to the definitions of intrinsic quality factor Qo=a@lV/P and shunt impedance
Rp=V2/P, we have

R -2

When using a perturbation capacitance AC, the perturbed resonant frequency of the cavity
frer becomes

1

E— 10
foer = L(C+AC) (10

So the effective capacitance of the cavity can be thus obtained by
C= __ac (11)

(f/fper)z -1

Finally Ry, is calculated using (9), and the square root of it is treated as the relative value of
the inter-electrode voltage. The locations of the perturbation capacitor are moved from stem
to stem as shown in Fig.11(b), in the interest of the average R, and voltage unflatness. Figure
12 is the adjustment result of the feeding point, and Fig.13 shows the Sy parameter with the
loaded quality factor 1861 at 106.7 MHz. The cold measurement result of the shunt
impedance is 102 kQ compared with the simulation value 110 kQ. The measured inter-
electrode voltage unflatness and the simulated result are compared in Fig.14.

Finally, the high-power test and beam test of the ladder IH-RFQ were performed(?s]. The rf
and measurement system of the experiment is plotted in Fig.15. We used one pulse
generator to control the ECR sourcel2¢] and the rf transmitter at the same time. The rf power
is provided by the FM Transmitter, 816R-4, operating in the 88~108 MHz frequency range
with the maximum rf output of 27.5 kW, the excitation of which is from a CE 802A solid-



40 lon Implantation

state FM wideband exciter. The input signal of the exciter is given by a signal modulation
system consisting of a CW signal source, the pulse generator, a high frequency (HF) switch
and a 30 dB solid-state power amplifier. The output of the transmitter is applied to the RFQ
cavity via a low-pass filter and directional coupler. The beam current was measured using
Faraday cups with the help of standard pick-up resistances.

@ ©
Fig. 11. The critical coupling loop (a) and the perturbation capacitor (b) of the ladder IH-
RFQ.
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Fig. 12. The critical coupling point of the ladder IH-RFQ: the Si; parameter (up) and Smith
Chart (down).
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Fig. 14. Simulated and measured voltage unflatness of the ladder IH-RFQ.

Commissioning of the transmitter was carried out at first, because it had been more than 10
years since the last operation. During the experiment, a water load with 50 Q impedance
was used to consume the rf power from the transmitter. The inter-electrode voltage was
started to be measured when the high vacuum in the RFQ cavity reached 10> Pa with both
cooling water and high rf power. To obtain the inter-electrode voltage, a high purity Ge
detector cooled by liquid nitrogen was used to measure the energy spectrum of X-ray [8l. An
ORTEC computer multi-channel system was employed to deal with the signal, which
consists of a preamplifier, a master amplifier, a PCI computer multi-channel card and a
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notebook PC. The maximum electron energy in the measured Roentgen ray spectrum
corresponds to the inter-electrode voltage. The system was calibrated using two standard
radiation source 221Am and 152Eu. After adjusting the amplification factor properly, y ray of
241Am 59.54 keV locates at channel 316 while 152Eu 344.31 keV at channel 1889, then two
peaks appear at channel 661 and channel 1340 corresponding to 152Eu 121.78 keV and 152Eu
244.66 keV, respectively. The above 4 points fit a well linearity, which means the calibration
is successful.

Pick-up
TTL>8V) | Maenetron ECR Faraday | resistance | Oscilloscope |«
g g source B cup 1 P
Pulse Cone-shaped ;
generator aperture r:icslféﬁge
| RF output
4 Y
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source P switch > amplifier p{ fransmitier -y Q cup 2

Fig. 15. The rf and measurement system of the experiment for the ladder IH-RFQ.

From the measured Roentgen spectrum at rf power 26.4 kW as shown in Fig.16, it can be
found that the inter-electrode voltage reaches 72.1 kV, which is higher than the required
value 60 kV. What should be paid attention to is that the spectrum was measured at the
glass window locating near the entrance of the RFQ. According to Fig.14, the inter-electrode
voltage unflatness is about #7%, as a result, the average value of it along the cavity
longitudinally should be 72.1/1.07 kV, i.e. 67.3 kV in this power case. All the measured
voltages are normalized in this way. Figure 17 plots the variation of the square of the inter-
electrode voltage with rf power, from which it can be seen that the linearity is well. The
specific shunt impedance is defined as Rs= (V2/P)*L=R,*L, where L=1123 mm is the length
of the RFQ. The slope of the fitting line that means the shunt impedance is 162 kQ, so the
corresponding specific shunt impedance is 178 kQem. The result is better than that of
simulation and cold measurement, which is because that the conductivity was set to be
5.0x107 S/m not 5.9x107 S/m in MWS simulations and the rf properties were improved via
advance power test. The temperature of cooling water increased from 15.7 °C to 23.4 °C
while the rf power increasing from 0 to 29.7 kW, and no sparking phenomenon appeared
during the experiment. The results above indicate that the RFQ cavity possesses well
mechanical strength and is water-cooled effectively.

The beam test has been performed using 4He* beam. The output current and transmission
efficiency of the ladder IH-RFQ varying with the rf power fed into it are shown in Fig. 18
when the extraction current from the ECR source is 30 pA. The maximum transmission
efficiency reaches 70%. During the experiment, the highest output beam is 210 pA, and the
transmission efficiency is better than 70% at current of several tens pA. It should be figured
out that the transmission efficiency is mainly limited by the unmatched beam injected to the
RFQ, especially for high current beam. Further efforts will be made to improve it. The
following works will also include the beam test of heavier ions, measurement of the energy
spectrum, and some application studies on the RFQ as an implanter.
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6. Summary

In conclusion, the RFQ accelerator is a competent ion implanter with many advantages such
as high energy (MeV), high current (LA-mA), variable energy and ion species, compact size
and so on. Further studies will be made on the practical usage of the RFQs in the ion
implantation field. As for the ladder IH-RFQ accelerator of Peking University, after the
further beam test is finished, some ion injection experiment will be made for the surface
modification of materials.
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Coulomb Heating Behaviour of Fast Light
Diclusters in Si<100> Direction

R. C. Fadanelli, M. Behar and J. F. Dias
Universidade Federal do Rio Grande do Sul
Brazil

1. Introduction

Beams of molecules and cluster ions are useful tools in fundamental research with
promising applications in materials science and plasma physics. In particular, significant
coherence effects (vicinage effects) have been predicted theoretically and in some cases
experimental molecular stopping forces show clear deviations from simple additivity rules
concerning the projectile constituents (Arista, 2000; Brandt et al., 1974). Other effects related
to the correlated motion of cluster atoms, such as Coulomb explosion (Gemmell et al., 1975),
enhanced electron emission (Rothard et al., 1990), desorption and sputtering (Matsuo et al.,
1997; Yamagushi et al., 1995) have also been reported and reviewed in recent publications
(Yamada et al., 2003).

In the case of crystalline materials, ions entering nearly parallel to a particular crystal axis or
plane become channelled as their motion is guided by correlated collisions with target
atoms. The average transversal momentum of channelled atomic particles increases due to
the inelastic scattering with the target electrons and scattering at displaced target atoms.
This effect enhances the number of close encounters with the atomic rows and is named
transverse heating. It has been observed that charge-changing processes of fast heavy ions
may even lead to transversal cooling, namely a reduction of the transversal energy
(Assmann et al., 1999).

In addition to the channelling motion, molecular ions undergo a break-up process, since
they lose their bonding electrons due to ionisation in the first monolayers of the material.
The combination of these two correlated motions, namely the ion channelling and the
break-up of the cluster under quasi-Coulomb forces leads to a transverse Coulomb heating.
Pioneering investigations of this Coulomb heating have been performed using the
transmission technique. (Poizat et al., 1972). On the other hand by measuring the energy
spectra of backscattered protons from H*, Ho*, and Hs;* beams (Caywood et al., 1971;
Tombrello et al., 1973) they were able to deduce the dynamics of the molecular break-up
process during channelling effects in Si. But no attempt was done to quantify the
Coulomb heating. Only much later the Coulomb heating was at last estimated from
dechannelling profiles of hydrogen molecules. However, the computer simulations
employed in such study strongly overestimated the experimental results. (Khodyrev et al.,
2002).
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In this work we review on a quantitative determination of the transverse Coulomb heating
energy (abbreviated Coulomb heating) for H and Hy, B and By, and C and C; beams irradiated
on the Si<100> direction. To this end, we used the Si-Ka x-ray production and also the
backscattering yield (RBS-C) of the mentioned single and molecular beams channelling
along the aforementioned direction. Since vicinage effects do not affect the K-shell x-ray and
backscattering yields, because the characteristic impact parameters for both processes are
much smaller than the typical distance for vicinage effects, differences between
experimental results for single and molecular beams are directly linked to the Coulomb
explosion during the channelling motion. The experimental results for the Coulomb heating
were compared to results of advanced computer simulations being the agreement quite
good. These simulations were done in order to understand the physics lying behind the
Coulomb heating effects.

In the present chapter we will show the experimental results obtained for H and H», B and
By, and C and C; beams. In the case of the last two beams the energy /amu was changed in a
wide interval and the obtained Coulomb heating results as a function of the potential energy
stored in each ion of the molecule seems to follow on a straight line indicating some kind of
“universal behaviour”.

2. Experimental procedures

The experiments were carried out at the Ion-Implantation Laboratory of the Federal
University of Rio Grande do Sul, Porto Alegre, Brazil. In all cases, monoatomic and cluster
beams were irradiated on crystalline silicon targets after the alignment procedure and both
backscattered ions and x-ray emissions as a function of the tilt angle were simultaneously
detected and recorded.

In what follows, the experimental procedures are described according to the ion/cluster
combination used.

2.1 H and H; beams

The experiments were carried out at the Ion-Implantation Laboratory of the Federal
University of o Grande do Sul. The 500 kV electrostatic accelerator has delivered beams of
H* and Hy*, at 150 keV/amu with an average current reduced down to about 100 nA for H*
and 50 nA for Hy* (these currents are typically smaller than the ones used for ion
implantation). In order to ensure identical conditions, we kept the same proton flux hitting
the target for all particles and clusters under study. Furthermore, the currents were reduced
by an additional factor of 10 in the case of backscattering measurements. The Si (100) crystal
was mounted on a goniometer for the alignment procedure (Azevedo et al., 2002). We have
fixed the azimuthal angle ® = 22.5° (relative to the plane [100]) in order to avoid a full
azimuthal averaging procedure around the <100> channel, which would be time consuming
and could lead to unacceptable damage of the sample.

The backscattered particles were detected by a surface-barrier detector located at 165° with
respect to the incident beam. The overall resolution of the detector plus the electronic system
was for protons better than 7 keV. The 1.74 keV Si Ka x-rays emitted from the target were
detected by Si(Li) detector with an energy resolution of 180 keV at 5.9 keV. This detector
was mounted at 135° with respect to the incident beam. This constrained the measurements
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only to directions around the Si <100> one. Once the center of the channel was determined,
a sweep from -5° to +5° was performed in steps of 0.2° around the center of the channel. At
each stage the corresponding RBS of the incident beam and the yield of the x-ray produced
by the Si target were recorded.

The vacuum system of the analysing chamber consists of an oil-free turbomolecular drag pump
with a liquid nitrogen trap, capable of reaching a final pressure below 10-7 mbar. It is important
to point out that the samples were cleaned and etched using 10% HF before each measurement
to remove the native surface oxide, in order to ensure a better channelling procedure.

2.2 C, C; and B, B, beams

In these cases the incident beams were provided by the 3 MV Tandetron of the Ion-
Implantation Laboratory of the Universidade Federal do Rio Grande do Sul. The
experimental procedure was basically the one that was described in section 2.1 with two
major differences: first, the samples were mounted on a four axis goniometer and the
channelling procedure was performed with He beams of 1.2 MeV following the same
procedure as described above; second, subsequently the position of the sample was changed
by using the vertical axis of the goniometer in order to get a fresh point not previously
damaged by the alpha beam. Following we have changed to a C* (or B*) beam and
performed the sweep around the channel <100> and recording at each 0.2° the
corresponding RBS and x-ray yield following the procedure described above. Once this
procedure was finished we have changed to a Co* (or B2*) beam. On this occasion we moved
again the sample to another fresh point of the sample free of damage and we have repeated
the above-described procedure.

As can be observed from the mentioned description an extreme care has been taken in order
to avoid or minimize the damage induce by the incoming beam, during the scanning
procedure. These procedures have to be taken because the x-ray emission is very sensitive to
the damage or amorphization produced in the channel.

In the present case the overall resolution of the detector and electronic system was around
30 keV for C and 25 keV for B ions (FWHM) respectively.

It should be mentioned that for C, C; and B, B> the energy interval spanned in the present
experiment went from 900 keV/atom up to 2200 keV/atom, for B and from 800 to 2200
keV /atom for C respectively.

For each beam energy, the x-ray yields as well the RBS-C spectra were obtained as an
average from five up to six (depending on the RBS-C cross section) independent
measurements performed under the same condition of ion flux. The uncertainties were
calculated taking into account the independent measurements as well as the fitting to the
spectra (to be described in Section 3).

3. Experimental results
3.1 H and H; data treatment and results

Measurements of close encounter events giving raise to x-ray emission and
backscattering under channelling conditions provide a sensitive method to investigate
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variations and redistribution of the ion flux close to a row of atoms and can be used to
quantify the heating process inside crystal channels. The results for the x-ray emission
induced by H and Hz beams at 150 keV /atom are depicted in Fig. 1 (Fadanelli et al., 2004)
as a function of the projectile entrance angle. Here, large tilt angles correspond to nearly
random direction. As can be observed from the figure, atomic and molecular beams at the
same energy, flux and fluence per atom act differently in the Si induced x-ray production.
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Fig. 1. Si x-ray emission as a function of the tilt angle induced by H and H> beams. In the
inset is shown the results of the whole sweep obtained between -5° and +5° (Fadanelli et al.,
2004).

First it should be emphasized that we do not observe any molecular effects at random
direction (within 2% of difference), feature that indicates that no interference molecular
effects, like the vicinage one, affect the results of the present experiments. On the other hand
there are significant differences at small polar angles. In comparison to H, the yield for H; is
26% larger at the central channel direction.

In order to obtain quantitative results from the experiments for the Coulomb heating, it is
necessary to find the dechanelling rate as a function of the tilt angle a(y). Since the Coulomb
explosion time is about one order of magnitude smaller than the oscillation period time of
the ion inside the channel, the Coulomb heating can act as an “astigmatic lens” for the
channelled ions (Sigmund, 1992). In order to extract the experimental values for the
Coulomb heating we have used the two-beam model (Gotz et al.,, 1988; Lindhard, 1965),
which have been successfully used in previous works (dos Santos et al., 1997; Fadanelli et
al.,, 2004). The two-beam model is, in fact, a particular case of the discontinuous model used
to solve the master equation for the transverse-energy distribution (Gotz et al., 1988). In this
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model, the beam is considered as a sum of two beam fractions distinguished by their
transverse energy range: the fraction of ions below a critical value is called “channelled”.
The remained fraction is called “dechannelled”. Under the restriction of a nearly perfect
crystal we have that the dechannelled fraction x(z) is given by:

Y —a1-4(2)] 0

where z is the depth inside the channel and [1- x(z)] is the channelled fraction which as well
as X(z) are both function of the penetration depth z. The parameter a is a weak function of
the energy, so in agreement with previous works we have taking as independent of the
energy in the studied depth range of 400 nm. We have calculated that in this zero
approximation the final error in the Coulomb heating results is less than 5%. The a value
was determinate for each incident angle y from the fitting of the RBS-C spectra. For this
analysis we have used the electronic stopping to convert the energy loss in depth z as well
as the Rutherford cross section to determine the backscattering yield (Chu et al., 1978) and
each spectrum was convoluted with the experimental resolution and energy loss straggling.
To describe the surface peak, we have considered a thin random layer in the surface.

In order to determine the H> corresponding a parameters the RBS-C fittings were obtained
following the same procedure as described above. In Figure 2 are shown two well
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Backscattering Yield dN /dE_ (arb. units)

:— H, fit 400 A
0 . 1 . 1 . 1 .
60 80 100 120 140
Backscattering Energy E_ (keV)

Fig. 2. RBS yield as a function of the energy. Curves stand for the fitting procedure
according to the two-beam model assuming that the Coulomb explosion effectively takes
place at a critical depth of 400 A (Fadanelli et al., 2004).
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channelled H and H> RBS-C spectra (Fadanelli et al., 2004). It can be clearly seen that the
molecular RBS-C spectrum shows an increasingly larger dechannelling (for lower
backscattering energies) than the corresponding to the H one. In this kind of experiments
the dechannelling due to the Coulomb explosion seen in RBS spectra is more striking than
the one observed in the x-ray experiments. This happens because as will be described below
there is a delay in the Coulomb explosion effect. Consequently, the dechannelling effect is
also a clear signature of the Coulomb heating effect.

At this point it should be mentioned that the Coulomb heating effect does not occur
immediately after the molecule enters into the sample. In fact the molecular break-up
begins soon after the molecular ions penetrate a few monolayers in the target. However
the Coulomb explosion usually takes several hundreds of angstroms of ion penetration
before changing the ion flux and thus the transverse energy distribution. The fitting of the
RBS-C spectrum of the H, molecule, after few angstroms does not reproduce the
experimental results. Although the flux change is a continuous process, for simplicity we
will assume in the fittings that before a certain distance Az the molecular beam flux is the
same as the monoatomic one and that all changes in flux due to the explosion are
complete after a certain Az. Consequently, the obtained Az values are a first-order
estimation of the heating delay.

In this sense in order to obtain a good fit we have assumed that Az is different from zero.
However, we have obtained several possible (a(y), Az) yielding a reasonable fit to the
molecular spectra. Then, we fitted the x-rays integrated results as well (not shown in Fig. 1)
to ensure that a correct pair is chosen. The two-beam model function was modified to take
into account the K-shell ionisation cross sections. Finally a unique pair (a(y), Az) that fits
simultaneously the x-ray yields and the RBS-C spectra was found. In the present case the
obtained Az value was 400 angstroms.

When the a(y) is known, it could be found the Coulomb heating energy through the
Hamiltonian of the transverse ion motion which, for small y angles, reads

Er =Ey* +U(x,y) ©)

where Er7 is the transverse ion energy, E is the ion initial energy and U(x,y) is the channelling
potential. Starting from Eq. (2) and taking into account the mentioned features of the cluster
ion fragmentation, the Coulomb heating energy is finally given by

Ymolecular (W) = Yatomic ( \Y WZ + AEC /E) (3)

where Yioiecular is the x-ray or RBS cluster ion yield, Yuomic is the monoatomic ion
corresponding one, and AE. is the Coulomb heating energy. Therefore, in order to determine
AE,, it is necessary to determine Qylecular in the center of the channel and the value Ay that
leads t0 &y mic (AY) = Xpotecuiar (0) , s shown in Fig. 3. Therefore, from Eq. (3), we have
Ay =,/AE_/E .

Then the experimental Coulomb heating of Hy* at 150 keV/amu obtained from the present
experiment is 2.6 + 0.6 eV. This value is significantly smaller than the estimated free
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Coulomb heating (4.5 eV), indicating either a target screening or a molecule alignment
inside the target.

0.20
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Fig. 3. Dechannelling rate as a function of the tilt angle obtained via TBM fittings of RBS
spectra. The depth delay Az used in this example is 400 A.

Dechannelling rate (arb. units)

3.2 Heavier ions data treatment and results

In what follows, only a brief summary of Bo* and Cy* results are shown. The data treatment
is essentially identical to the one used for Hy*. The main difference, besides the ion type, is
the different range of energies used, instead of one single ion energy as done for Hy*. Again,
we do not observe any molecular effects at random direction (within 2% of difference) in
RBS or x ray measurements.

In the aligned direction, however, it is possible to observe an increase of the x ray, as
shown in Figure 4, and RBS yields, as depicted in Figure 5, (Fadanelli et al., 2008) for the
diatomic ions. This is the signature of Coulomb heating for the heavier diatomic
projectiles. For each dicluster it is possible to see an increase of the Coulomb heating effect
as a function of energy. This behaviour indicates an important role played by the
screening inside the target.

In Figure 5 it is shown both the raw experimental results for RBS yields (symbols) and the
fitting procedures not taking into account the depth delay for the explosion (dashed line)
and considering the delay (full line). The beam is aligned with the channel <100>. As in case
of H* and Hy*, to describe the surface peak, we have considered a thin random layer in the
surface (about 20 A). The importance of the delay is emphasized by comparing the dashed
and the full lines.
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Fig. 4. Si x-ray yields near the center of the Si(100) direction. It is clear that the Coulomb
heating signature for By* and Co* increases with the energy and the atomic number of the
molecule constituints (Fadanelli et al., 2008).

After performing essentially the same data treatment procedure as used for Hx*, we show in
Figure 6 the Coulomb heating results for B,* and C,* (Fadanelli et al., 2008; Fadanelli et al.,
2010). As can be observed, in both cases the Coulomb heating is a function of the
corresponding beam energy. For B, the Coulomb heating raises from 9 eV up to 17 eV.
Instead for C; it increases from 14 up to 30 eV. At the same time the Coulomb delay
explosion is also is a function of the beam energy and ranges from 1200 A up to 2500 A.
Details about the simulation results will be given in Section 4.



Coulomb Heating Behaviour of Fast Light Diclusters in Si<100> Direction

55

0.0020 — . r - 1T r 1t 1t 1 11
1.5 MeV / atom RBS o C
0.0016 f, o c i
Py ——C,"fit, Az=1500 A | |

é 0.0012 = — G, fit, Az=0 i
E T g
Fg: _ 00
5 0.0008 V] J
9
>~

0.0004 |- J

0.0000 L L L \ L . e ]

140 160 180 200 220 240 260 280 300 320
Energy (keV)

Fig. 5. C* and C,o* RBS spectra at 1500 keV / atom, taken under alignment conditions
(Fadanelli et al., 2008).
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Fig. 6. Coulomb heating results for B>* and C,* (Fadanelli et al., 2008, 2010).
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4. Simulations

Classical Monte Carlo simulations were performed for all corresponding experimental cases.
To this end, we have modelled the interaction between the ions and the Si<100> target
atoms using Moliere continuum potential (Lindhard, 1965 & Gemmell, 1974) generated by
sixteen strings, including a correction to take into account the thermal vibrations (Eckstein,
1991). The ions were allowed to move inside the channel defined by the four central strings.
The interactions among the molecule fragments were modelled using either Yukawa
potential (for Hy*) or, if the number of electrons bound to the ion is large, static Dirac-
Hartree-Fock-Slater potentials (Salvat et al., 1987).

In order to include a non-uniform energy loss, it was used the unitary convolution
approximation (UCA) (Azevedo et al., 2000; Schiwietz et al., 1999). UCA results consist in
energy loss values as a function of the distance between a given ion and the channel strings.
The angle between the molecular axis and the motion direction, as well as the initial position
of the projectile impinging the channel are chosen randomly. The ion charge state is chosen
randomly from a gaussian distribution centred in the equilibrium charge value Z,; with
known width Ag (Schiwietz et al., 2001). Due to the relatively small amount of experimental
information about B and C equilibrium charge states under channelling conditions in our
energy range, we have selected the interpolation formulae of Ref. (Schiwietz et al, 2001),
which corresponds to the ones obtained for amorphous Si. This choice seems reasonable,
since in Ref. (Jiang et al., 1999a, 1999b) have investigated equilibrium charge states for
different ions impinging on Si films under channelling and random conditions. In particular
Jiang group found that for N at energies similar to the present ones or higher, the
equilibrium charge states were achieved and are independent on the channelling or random
conditions of the target film. The charge state is, finally, kept constant along all considered
ion path and the Moliere potential screening parameter for a given ion path is evaluated
accordingly. It is important to point out that, in this way, charge changing effects along each
ion motion were not taken into account in our simulations.

In this procedure we assume that some of the electrons from the impinging B>* and Cy*
molecules are suddenly removed along the first monolayers and, consequently, the
molecule undergoes a break-up process. We assume that each ion reaches its own
equilibrium charge state as soon as the break-up process begins. In this way, our simplified
simulation does not take into account a more detailed molecular fragmentation description.
In fact, orientation, velocity and position-dependent effects on the molecule break-up (as, for
instance, wake effects (Arista, 2000)) not included here are expected to decrease the obtained
theoretical values for the Coulomb heating.

In order to study the explosion effects on the ion flux, the simulations were carried out only
along the first 4000 A. There are two reasons for this depth choice. First, at 4000 A, it is safe
to assume that the potential energy stored in the molecule is nearly completely transferred
to the molecular fragments motion. Thus, no further increase on the transverse energy can
be expected from the Coulomb explosion after that depth. Second, a significant amount of
ions is still channelled. Therefore, the ion flux inside the channel is still concentrated near
the channel center, originating the so-called flux peaking.

Fig. 7 shows, as an example, the ion flux for both C and C; beams (Fadanelli et al., 2008)
averaged along the depth (4000 A). The ion flux for the C* beam displays the well-known
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flux peaking, i.e. a strong enhancement of the flux near the center of the channel. The Co*
beam still shows the flux peaking effect. However, as presented in Figure 7, this effect is
considerably damped for the molecular beam due to the Coulomb explosion, which
enhances the transverse energy of the molecule fragments and, consequently, produces
higher ion fluxes far from the channel center.

22MeV C 22MeV / atom C,

Fig. 7. C and C; fluxes inside the <100> Si channel obtained via simulation of aligned 2.2
MeV / atom C and C; beams (Fadanelli et al., 2008).

In order to evaluate the average transverse explosion energy transfer to the molecule
fragments, we considered, for each beam energy, the distributions of transversal energies
at 4000 A depth in the target, far after the Coulomb explosion process. Two of these
distributions, as obtained from our simulations (Fadanelli et al., 2004, 2008), are shown in
figure 8 which corresponds to 150 keV / atom H* and Hy* (left panel) and 2.2 MeV /atom
C* and Co* beams (right panel). As can be observed for the same yield, the transversal
energy distributions for the molecular ions are shifted to higher energies, a consequence
of the Coulomb-heating process. The theoretical values of the Coulomb heating were then
obtained by shifting (dashed curve) the atomic distribution in Fig. 8 to agree with the
molecular one at higher transversal energies. This is because only higher transverse
energies ions have high probability of undergo close encounter events that yields x-ray
emission and backscattering. The same procedure was carried on for B+ and B,* (not
shown).

By using the described simulation procedure, we have found the following values for
Coulomb heating: 2.5 + 0.2 eV for Hy* and, for the heavier molecules, the results are shown
in Figure 6, where it is possible to compare with the experimental results. An observation of
figure 6 shows that the theoretical curve follows the tendency of the experimental results,
being the agreement, within the experimental errors, quite reasonable.
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Fig. 8. Simulated transversal-energy distribution for 150 keV/atom H and H; (left) and 2.2
MeV/atom C and C, beams (right). Energy shifts are necessary in order to match the
molecular and atomic beams distributions at transverse energies above 25 eV (Hz) and 150
eV (Cy) (Fadanelli et al., 2004, 2008).

5. Discussions

Since both experimental and simulated results indicate an increase of the Coulomb heating
values as a function of the energy, an attempt was made in order to check whether a more
general behaviour could be drawn from these data. Then, an approach was devised: instead
of plotting the Coulomb heating results as a function of the ion kind and energy, we
calculated the values of the potential energy per ion of the molecule in order to compare to
the Coulomb heating results. To this end, we have used the DHFS calculations interpolated
to the mean charge value of the ions. In Fig. 9, (Fadanelli et al., 2010) the Coulomb heating
values, obtained from all the described experiments are plotted together as a function of the
stored potential energy. All results lay in a single straight line, indicating some kind of
“universal behaviour” where the Coulomb heating produced by the break-up of the
molecules is a linear function of their potential energy per ion. In addition, the average
Coulomb heating is given by:

1 [(tysen” 0)sen0dody _2 )
dn g 3

where U is the stored potential energy per ion and 6 is the angle between the molecule axis
and the initial molecule velocity.

Thus, assuming an isotropic Coulomb explosion, a plot of the Coulomb heating as a function
of Uy should be well fitted by a straight line bearing a slope of approximately 0.67. The fitted
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line in Fig. 9 has a slope of 0.60 + 0.02, which is compatible to this prediction, namely 0.67.
The difference could be attributed to second-order effects, e.g. the wake potential (Arista,
2000), not taken into account in our simulations. Therefore, the slope of the straight line of
Fig. 9 indicate that two third of the Coulomb explosion energy produces the Coulomb
heating. The remaining one-third gives place to the longitudinal explosion of the molecules
and therefore do not contribute to the Coulomb heating, contributing to the beam straggling
instead (Fadanelli et al., 2006).
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Fig. 9. Experimental Coulomb heating of Hy*, Bo* and C,* projectiles as a function of the
estimated DHFS screened potential energy between the projectile components. All data
seems to lay in a single straight line, with a slope about 0.6. The slope seems compatible
with the expected 2/3 value (Fadanelli et al., 2010).

6. Conclusion

In summary, the present work shows that by combining monoatomic and molecular
channelling RBS measurements with x-ray yields obtained by a scan around the Si <100>
direction we were able to obtain the diatomic beams Coulomb heating values. Theoretical
calculations are in good agreement with the experimental values. When the present results
are plotted as a function of the potential energy per ion of the molecule, we have found that
all the points fall on a straight line. This feature could indicate a “universal behaviour” for
the Coulomb heating in the Si <100> channel. In addition, the line slope (0.6) shows
compelling evidence that, at least for light molecules, the Coulomb heating corresponds to
two-thirds of the stored potential energy per ion. Although this appears to be a general rule,
it remains to be checked for heavier dicluster molecules travelling in other channels of Si
(for instance, <110> and <111>) and other crystals.
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1. Introduction

The ion implantation technique introduces atomic species in a material in order to modify
its electronic, optical, and / or structural properties. The beam of species is accelerated
through an electric field and thus bombards the target material with an electron-volt to
mega-electron-volt energy range. Depending on the nature of the ions, their quantity and
their energy, the properties of the target material are modified leading to different
applications. This chapter is focused on one of these applications, which is the
semiconductor slicing generated by ion implantation.

In 1977, Chu et al. realized the first ion cutting experiment by implanting hydrogen ions in
silicon (Chu et al., 1977). The annealing of the samples led to the exfoliation of the silicon
layer above the implantation zone. For the next two decades, this discovery remained
unexploited until, Bruel et al. in 1995 bonded an implanted silicon wafer using similar
implant conditions as Chu, to a second silicon wafer. After thermal treatment, the implanted
wafer split along the implantation zone and left a thin layer of silicon on the second wafer.
The layer transfer process also called “smart cut technology” (Bruel et al., 1995) or more
commonly ion-cut process (Hochbauer et al., 1999) was thus created.

Because of the high crystalline quality of the transferred layer, and its controlled and
uniform thickness, the layer transfer process was first dedicated to the fabrication of silicon
on insulator substrates (SOI). Nowadays, this process offers multiple possibilities in the
microelectronics field and constitutes an innovative approach for materials integration. For
example, III-V semiconductors are particularly needed because of their optical and
electronic properties, and their growth using epitaxy can generate a high density of defects
in the layer impacting on the properties. The layer transfer process could be an effective and
economical method to integrate these dissimilar materials (Hayashi et al., 2006).

However, the success of the layer transfer is not trivial. The implantation step and the choice
of the implantation parameters are crucial to obtain a successful splitting of the implanted
wafer. These parameters can be anticipated by analysing the implanted materials through X-
Ray scattering measurements. Indeed, the implantation of ion generates strain in the lattice
of the target materials, preceding the splitting. This strain can be quantified using High
Resolution X-Ray Diffraction (HRXRD) and used as an indicator for atomic migration, as
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demonstrated in the second part of this chapter. Before that, a brief description of the layer
transfer process is presented and the main mechanisms involved in the splitting process are
reviewed. This first part contains explanations about the choice and the ranges of
implantation parameters which lead to exfoliation. The second part of the chapter presents
how to use HRXRD measurements to measure strain in implanted materials based on
previous studies. Information from such measurements is extracted via simulation of the
diffraction profiles. Finally, the chapter ends with various examples of HRXRD
measurements of hydrogen-implanted materials. Analyses are realized on different
implantation conditions and after annealing treatments. We thus demonstrated how
HRXRD constitutes a fundamental tool in the study of implanted structures.

2. lon implantation for semiconductor slicing

In this part, a general overview of the ion implantation technique used for semiconductor
slicing is presented. As noted previously, ion implantation can be used for various purposes
depending on the implant parameters. The idea here is to present the transfer layer process
which involves specific conditions of ion implantation. The essential steps leading to the
slicing are summarized based on the silicon case. This part of the chapter ends with an
introduction of the parameter window to obtain exfoliation or semiconductor slicing.

2.1 Layer transfer process: From ion implantation to semiconductor slicing

The layer transfer process described in figure 1 consists in the direct bonding of an
implanted wafer (wafer 1) to a second wafer called handle wafer (wafer 2). The annealing of
the whole structure leads to the full splitting of the wafer along the implanted region. Thus,
a thin layer of the implanted wafer is transferred on the handle wafer. Using chemical-
mechanical polishing, the surface of the transferred layer can be very smooth and processed
again. The thickness of the transferred layer can be adjusted depending on the implantation
energy. The quality and properties of the transferred materials are equivalent to bulk
materials. The layer transfer process was initially developed on silicon, and allowed the SOI
production at lower cost. Nowadays it constitutes a generic process and can be used to
transfer any materials on any substrates, such as Ge (Colinge et al., 2011) or III-V
compounds (Hayashi et al., 2006).

To generate the splitting, species capable of forming gas such as hydrogen are generally
implanted at a certain depth in the material. Strain and defects in the lattice are initially
created in the material and evolve (under the appropriate thermal annealing conditions)
into microcracks which generate the splitting of the material. Mechanisms explaining this
evolution have been widely described in literature, particularly in the case of hydrogen
implanted silicon. Although fewer investigations have been done on others materials,
similar mechanisms have been demonstrated for Ge (Ferain et al., 2010) and III-V
compounds (Hayashi et al., 2006). Here, we review the main steps of this evolution inspired
from silicon studies, which can be generally transposed to others materials (not in details).

Based on different analysis techniques such as IR spectroscopy, Transmission Electronic
Microscopy (TEM), Weldon et al. explain in five main steps the mechanism from defect
formation to exfoliation in silicon (Weldon et al., 1997). First, there is the formation of
hydrogenated point defects (SitHy, I as Si interstitial) and vacancies (ViHy) near the
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implanted region. In the same step, specific defects due to H implantation called platelets
are created. They are filled of hydrogen atoms either involved in Si-H or H-H bonds and
measure between 50-100 A. During annealing (350-450 °C), defects and vacancy collapse in
formation of Hy, and platelets evolve in hydrogen-terminated surfaces. Hs diffuses and gets
trapped in these microvoids in which the pressure increases and induces the formation of
microcracks. These fissures lead to blistering and exfoliation of the surface (figure 2).

Deposition/growth of lon Implantation
dielectric Iayer (light ions)
(SIOZ, SlN
—
'I’/ Wafer 2 T Wafer 1 T

Bondlng Layer Splitting
l Wafer 1 :i:

Wafer 2 7

Chemical-Bxzzzzx

mechanical
polishing

41 Wwafer1 1

Wafer 2

Substrate ready for the next step
(epitaxy, bonding...)

Fig. 1. Schematic of the layer transfer process which is involves ion implantation, direct
wafer bonding and splitting of wafer induced by annealing.

Fig. 2. Optical microscope image of hydrogen implanted InP showing (a) as-implanted
surface, (b) blistering on the surface and (c) exfoliation of the blisters (Hayashi et al., 2004).
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In the presence of handle wafer which acts as a mechanical stiffener, the top surface can not
be distorted, so the cracks propagate parallel to the surface and induce the transfer of a thin
film of the material.

2.2 Parameter window for exfoliation or slicing
2.2.1 Nature of implanted ions

Although a wide range of ions can be implanted in any material, the choice for
semiconductor slicing is very limited for two main reasons. The first requires that the
implanted species form a gas during annealing to create cracks in the bulk material and
generate the full wafer splitting. The second reason is related to the atomic weight of the
implanted species. During the implantation, ions are accelerated under an electric field and
introduced into a target material. They interact with matter creating defects and loosing
energy in collisions which finally stop them in matter. Two stopping mechanisms occur
during their travel: electronic stopping and nuclear stopping. In electronic stopping,
incident ions interact with the electrons of the target materials while in the nuclear stopping
they collide with target nuclei (creating more damage in this case). The predominance of one
of the stopping mechanisms depends on the atomic weigh of incident ions and their energy.

In the case of semiconductor slicing, the crystalline quality of the transferred layer must be
preserved during the implantation and with the introduction of minimal damage.
Consequently, the implant conditions are chosen to favour electronic stopping by using high
implantation energy (detailed in the next paragraph) and light ions. Indeed, light ions
transfer a small amount of energy during each collision, they are deflected through a large
scattering angle and can travel deeply into the target material. On the other hand, heavy
ions produce a large amount of energy transferred per interaction which generates many
displacements of target atoms and so creates considerable lattice damage (see figure 3).

Heavy ion Light ion

W

Fig. 3. Comparison between the travel of light ions and heavy ions in a target material
during ion implantation.

Regarding the parameters discussed above, hydrogen and helium are the best candidates and
remain the most common ions used for semiconductor slicing. Either hydrogen or helium can
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be implanted in a material, or they can be co-implanted depending on the target material to
exfoliate. This is the case of GaAs for example, where the co-implantation of helium and
hydrogen allow a better controlled surface blistering (Radu et al. 2002). However, because of
its higher weight, helium produces more defects in the lattice and bigger exfoliated area.
Hydrogen is more often used for a lot of semiconductors such as Si (Hochbauer et al., 1999), Ge
(Zahler et al., 2007), SiC (Malouf et al., 2005), InP (Aspar et al., 2001), (Hayashi et al., 2006).

2.2.2 Implantation energy and dose

The implantation energy represents the energy acquired by ions under the acceleration of
the electric field. As introduced in the previous paragraph, high implantation energy is
required for semiconductor slicing. In this way, the electronic stopping is predominant and
a local damage zone parallel to the surface is created in the target material where the slicing
occurs. Standard values of implantation energy go from 10 keV up to 200 keV. Depending
on this energy, ions penetrate into the target materials (~ 10 nm to 2 pm). The total distance
that an ion travels is called the range R (see figure 4). However, the parameter usually
studied is the projected range R, which is the distance that an ion travels perpendicular to
the surface and corresponds to the implantation depth. The projected straggle AR, is a
parameter which represents the standard deviation of the range also defined as the spread
of the Gaussian-like strain distribution.

Incident ion

ARp

Fig. 4. Definition of the range R and the projected range R, and the projected straggle AR,
and lateral straggle AR;.

The second important parameter during implantation is the dose or fluence. It is defined as
the number of ions per area (usually cm?) implanted into the sample. For semiconductor
slicing, the dose is higher than doses required for others applications such as doping, and is
generally between 2x1016-1017 cm2. This value is chosen according to the target material and
the implantation energy.

The projected range, the straggle and the ion distribution in the target material can be
estimated from TRIM simulations (Ziegler, 1985). This program based on quantum
mechanical treatment of ion-atom collisions simulates the implantation of any element in
any material. The implantation energy and the number of ions can be chosen for the
simulation. In the following part, we demonstrate how these simulations are
complementary of XRD measurements.
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3. X-Ray diffraction analysis of implanted materials
3.1 Background and principle of the measurement

X-Ray scattering measurements appeared as a very sensitive technique to detect damage in
single crystal materials in the 1980’s. In 1982, Speriosu studied the implantation of silicon
ions in gallium arsenide, silicon and germanium crystals for different implant doses
(Speriosu et al.,, 1982). He investigated the modifications in the crystal structures with
double-crystal X-Ray diffraction and showed that the diffraction profiles contain fringes
after implantation. These fringes are due to a strain distribution in the crystal that is fairly
well represented with a Gaussian profile. This was explained a few years later by Servidori
who measured damage in ion implanted silicon using X-Ray Diffraction (XRD) (Servidori,
1987) and showed how these measurements can be a powerful diagnostic technique of
structural investigation in the field of ion implantation.

Indeed, when ions are introduced in a crystal, interstitial type defects are generated leading
to a distortion or strain of the lattice (figure 5). The distance between crystallographic planes
changes and can be detected by longitudinal XRD measurements (i.e. ®/20 scans). In this
geometry, the scattering planes are parallel to the surface and a positive strain
perpendicular to the surface el is measured.

lons ﬂ
RP
AR,
Before ion implantation After ion implantation

Fig. 5. Representation of the lattice strain in a single crystal after ion implantation.

For example, a <001> oriented crystal can be analyzed through the (004) Bragg reflection
presented in figure 6. For angles lower than the Bragg angle, the curve for the as-implanted
crystal presents additional scattered intensity with fringe pattern due to the change in the
expansion of lattice spacing (Meda et al., 1989). The periodicity of the fringes is related to the
width of the strained layer in the crystal and the most distant fringe from the substrate peak
corresponds (approximately) to the maximum strain in the crystal. This diffraction profile is
due to the strain profile from which information such as the maximum strain and the
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thickness of the strained layer can be calculated via simulation discussed in the next
paragraph. For now, we just remind the equation that relates strain level to the strained
lattice parameter a and to the Bragg angle.
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Fig. 6. Example of XRD measurements of non-implanted InP and after implantation in the
conditions to obtain exfoliation.

The implanted material is a cubic substrate with a lattice parameter equals to aswp and
contains strained layer with a strained lattice parameter perpendicular to the substrate
surface apyer. Both the substrate and the layer follow the Bragg's law:

A=2d,,sin(b ;) for the substrate;

Su.

A =2dyy,, SIN(Gp o, + AO) for the strained layer; of which the Bragg's angle is slightly
different than the Bragg’s angle of the substrate.

For a common reflection ( (004) reflection for example):
2dsub Sin(eB,sub) = 2dlayer Sin(eB,sub + AH)
Replacing the plane spacing by a:

Sin(gB,suh)

a =0 _—
] sub
ayersu sin(fg ,p +A0)

Subtracting by asu» and then dividing by asup:

a Sin(eB,sub) _
gy S Sin(Gp g +A0)

Agyer —

a a

sub sub

The strain ¢ is so expressed by:
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o= aluyer —Asup _ Sin(gB,sub) _
asub Sin(gB,sub + Ae)
For small angles:
a —a
1 sub
g=—2 0 5 7@ cot(by o ) @)
Asub

Thus, equation (1) allows the variation in strain to be calculated from the measured fringe
spacing and the maximum strain corresponding to the fringe at the lowest angles. This
calculation is in general carried out by simulating the strain profile, which is introduced in
the next paragraph.

3.2 Simulation of the diffraction profile

The diffraction profiles contain information that is not so easily extracted without the use of
simulations. Indeed, their determination is hindered by the “phase problem”. Lattice
displacements occur during ion implantation and affect the phase diffracted amplitude E,
while the actual quantity measured is the intensity I equals to EE*. Consequently, the
diffraction profile can not be obtained by a direct inversion of the diffracted intensity.

This issue is usually avoided by fitting the experimental data with a simulated profile
based on the dynamical theory of XRD. The model generally includes depth-dependent
strain and can also contain an atomic disorder parameter (Debye-Waller factor)
discussed later. The formalism suggested by Taupin in 1964 about the dynamic theory in
deformed crystals (Taupin, 1964) constitutes the fundamental concepts of all models
utilized later. Belong them, Larson and Barhorst used the true dynamic model of XRD to
simulate the strain profile of boron implanted in silicon crystals (Larson & Barhorst,
1980). The model was then employed by Wie et al. a few years later, who presents the
dynamic theory in the layer approximation (Wie et al.,, 1986). In parallel, Kyutt
developed a semikinematical model, which is an approximation of the dynamical theory
and allows a strong reduction of the computation time (Kyutt et al., 1980). The
semikinematical model was then used by Cembali and Servidori (Cembali et al., 1985),
who went back to the dynamical theory based on Vreeland’s work a few years later, for
an extensive study of implanted materials.

Another model is also suggested to interpret diffraction profile in the early 1980's by
Speriosu called the kinematical theory (Speriosu, 1981). This is actually an approximation of
the dynamical theory in which all multiple scattering effects are neglected to simplify
mathematical expressions and in order to save computation time. Speriosu demonstrated
that the kinematical theory is valid for thin films (< 1um) with a reflecting power lower than
6 %. The model incorporates the depth-dependent strain similarly to the dynamical theory,
and also included a parameter u representing the atomic disorder. It corresponds to the
displacement of the atoms from their lattice sites. A few years later, Servidori revealed its
importance and showed that the best-fits of the diffraction profiles were obtained with the
variation of u, an atomic disorder parameter (Cembali et al., 1985). He explained that this
atomic disorder parameter begins to play an important role beyond certain strain values,
which is demonstrated later in one of his reports (Balboni et al., 1995). In the calculation, u is
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taken into account in the static Debye-Waller factor (Ly), approximately described by a
spherically Gaussian distribution:

Ly =8[zsin(Gg) / AP . <u® > )

where 05 is the Bragg’s angle, A the wavelength and <u?> is the mean square displacement.
The Debye-Waller factor is included in the expression of the structure factor and impacts the
intensity of the reflected beam. In the same report, the authors demonstrated that in the case
of heavy ion implantation (B, Si), Ly is an important parameter in the best fit of XRD curves
for as-implanted structures and after annealing. However, in the case of hydrogen
implantation, Ly is very small compared to the strain in as-implanted silicon.

As said previously when the studies of implanted materials with XRD emerge in the 1980’s,
the simulation of stain profile was carried out by resolving the Takagi-Taupin equation from
the dynamical theory through iterations and numerical routines. Nowadays, with the drastic
improvement in computational power, the calculation time has been considerably reduced
and programs dedicated to the simulation of diffraction data have been developed. A very
common one used for this application is Rocking-Curve Analysis by Dynamical Simulation
(RADS) developed by Bede Scientific. Calculations are based on Takagi-Taupin model
established from the dynamical theory of XRD. The stain profiles presented in this chapter
are obtained from RADS simulation.

In the case of implanted layers, if we assume that ion implantation causes a strain profile
similar in shape to the implanted ion concentration profile (obtained by SRIM simulation)
the depth-dependent strain can be simulated by multiple layers with an increase of the
strain as a function of the depth. This strain distribution can be linear, quadratic,
exponential, etc, depending on the material. An example of simulated diffraction profiles is
presented in figure 7 for two thicknesses of strained layer.
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Fig. 7. Example of diffraction profiles simulated with RADS for two thicknesses, 1 pm and
1.5 pm of strained layer. The maximum strain is calculated from the last fringe.
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The following figure 8 shows the diffraction profile of InP as-implanted with hydrogen.
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Fig. 8. Experimental and simulated diffraction profile obtained on InP after hydrogen
implantation with cooling.

From the simulation of the profile, the strain as a function of depth can be plotted and then
the maximum strain is determined (figure 9). This evolution can be compared to TRIM
simulations (Ziegler, 1985) providing ions distribution as a function of depth for example,
and facilitate the understanding of defects formation (Miclaus & Goorsky, 2003).
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Fig. 9. Strain as a function of depth obtained from the simulation of the diffraction profile.

As introduced above, the Debye-Waller factor L which represents the atomic disorder, can
be plotted versus depth similar to the strain distribution. This is realized by manual fitting
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of the diffraction profile as done by Balboni et al. (Balboni et al., 1995). In the case of light
ions (H, He), it is expected that relatively small displacements are created compared to
heavy ion implantation. Thus, perhaps this parameter can be neglected for these as-
implanted cases. Additionally, in Balboni’s report, authors discuss double axis XRD
measurements and indicate the presence of significant Debye-Waller scattering for annealed
structures; without triple axis measurements, it is not possible to determine whether the
reduced intensity is simply due to reconstructed, tilted regions. Most of the measurements
presented here are realized in triple axis XRD, which has less diffuse scattering (if any exists
from the sample) compared with double axis XRD (Horng et al., 1994).

3.3 XRD analysis of different semiconductors
3.3.1 Strain in hydrogen implanted Silicon and Germanium

Because of the SOI production, hydrogen implanted in silicon has been widely studied and
investigated by many characterisation techniques, such as IR spectroscopy (Weldon et al.,
1997), SIMS and TEM analyses (Hochbauer et al., 2001). These techniques provide
essentially chemical information about how hydrogen is bonded to the lattice, its
quantification and distribution in the materials. XRD is a complementary technique
providing physical information about strain in the crystal, and has the advantage compared
to the others ones to be non-destructive. The information obtained is directly related to the
implant conditions such as dose and implantation energy as demonstrated in this second
part of the chapter.

Miclaus and Goorsky have performed XRD measurements on hydrogen implanted silicon
for different doses, before and after annealing treatment (Miclaus & Goorsky, 2003). The
strain profile is clearly different when the dose changes and evolves with the annealing
temperature. In figure 10 is presented the diffraction profile of silicon implanted with
hydrogen (5x10% cm-2, H*) at room temperature and at 140 keV. The diffraction profiles
were obtained by doing a @/20 scan on the (004) reflection.
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Fig. 10. Diffraction profiles (©/20 scan) of hydrogen implanted <001> silicon (a) as
implanted and after annealing at (b) 200 °C for 10 min and (c) 200 °C for 30 min.
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With the annealing and particularly for longer time (30 min), we observe a reduction in the
fringe contrast and fringe broadening in the vicinity of the substrate reflection. The
reduction of the fringes is consistent with strain reduction due to the diffusion of the
implanted hydrogen and related point-defects during the annealing at 200 °C.

The broadening can be best assessed through triple axis diffraction (TAD) ® scans (rocking
curve) which reveal information on the change of mosaicity of the sample with high
sensitivity (Horng et al., 1994). An example is presented in figure 11 for hydrogen implanted
silicon measured for the same sample presented figure 10 (Miclaus & Goorsky, 2003).
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Fig. 11. Triple axis rocking curve of as implanted and after annealing at 200 °C silicon wafer
with hydrogen.

The increase of the FW0.001M from 19 arcsec as implanted to 54 arcsec after annealing is
very obvious. This increase is consistent with the presence of a thin layer of silicon that
exhibits mosaic tilt and the increase of hydrogen platelet diameter. Indeed, previous studies
have demonstrated that the diameter of such platelets increases with annealing (Grisolia et
al., 2000), to finally form microcracks leading to the exfoliation of the wafer.

X-Ray scattering measurements have been also used to investigate hydrogen implantation in
silicon with different crystallographic orientations (Sousbie et al., 2006). The authors
measured the strain in <100>-, <110>- and <111>-oriented silicon wafers through /20
scans, and support their results with TEM, IR spectroscopy and SIMS measurements. They
showed that the strain profile is crystallographic orientation-dependent, meaning that
implant conditions to obtain a successful exfoliation are also different for these three
orientations. This can be related to the change in the Young Modulus E. Indeed, results
showed that the maximum strain is proportional to E, as measured also by Ventosa-Moulet
et al. on various semiconductor materials (Ventosa-Moulet et al., 2010).

Finally, XRD measurements can be also used to investigate co-implanted materials. Silicon
has been co-implanted with helium and hydrogen by some authors (Duo et al., 2001),
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(Reboh et al., 2010). They showed the sensitivity of the measurements to the annealing
temperature, the dose and the nature of the implanted ions.

In the same IV-group of materials, germanium is gaining interest as a semiconductor
material because bulk germanium has the highest hole mobility of all semiconductors.
However, bulk germanium wafers is more expensive. With the layer transfer process, Ge
can be used as a thin layer (GeOl substrates), and presents as good crystallographic and
electronic properties as bulk germanium. The transfer or germanium on silicon wafer has
been realized by Colinge et al. (Colinge et al., 2011). Those authors performed HRXRD
measurements on hydrogen implanted Ge in order to estimate the optimum thermal process
to induce exfoliation. Some of these measurements are presented in figure 12.
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Fig. 12. Diffraction profiles (o/20 scan) of hydrogen implanted <100> germanium, as
implanted and after annealing.

The as-implanted Ge substrate presents some fringes near the substrate peak indicating
strain in the lattice. After annealing at 100 °C for 22 hours and 200 °C for 5 minutes, the
fringe pattern is reduced. This indicates the hydrogen diffusion in the materials to form
defect and nano-cracks parallel to the substrate surface similarly observed with TEM. At
higher annealing temperature, the fringe pattern entirely disappeared because of the
formation of micro-cracks suitable for exfoliation.

TAD o diffraction scans have also been performed on the similar samples. Results are
presented in figure 13. After annealing at 100 °C for 22 hours and at 300 °C for 5 minutes, an
important broadening of the germanium is observed. This is attributed to local lattice
deformations due to hydrogen Oswald ripening leading to exfoliation.

Through these two examples of hydrogen implantation in silicon and germanium, the
sensitivity and the usefulness of X-rays scattering measurement have been pointed out. The
strain in the implanted material can be quantified and allows us to know if the sample is
suitable for exfoliation in a fast and non-destructive way. Additionally, these measurements
are also sensitive to the implantation conditions such as dose, energy and implantation
temperature. A good example of this is the case of hydrogen implantation in InP, that is why
the next paragraph is fully dedicated to this material.
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Fig. 13. Triple axis rocking curve (o scan) of as implanted and after annealing germanium
wafer with hydrogen.

3.3.2 Strain in InP: Temperature and dose dependence

Because of its remarkable electronic and optical properties, InP remains one of the most
popular semiconductor materials among III-V compounds, and appears in many fields
(electronics, optics, solar cells ...). For some applications, the use of InP in a thin layer
configuration on the top of other materials can offer many benefits. The layer transfer process
realized for the first time on InP by Tong et al. in 1999 (Tong et al., 1999), is an alternative way
to produce thin layer of InP with qualities equivalent to bulk InP. However, those authors
introduced the fact that the exfoliation of this material is not trivial. The implantation
temperature plays a key role in the process. They indicated that implantation into InP must be
conducted at ~ 150-250 °C to produce exfoliation although no explanation was proposed.

A few years later, Hayashi et al. presented an investigation of hydrogen implanted InP to
obtain exfoliation (Hayashi et al., 2004). InP wafers were cooled to below room temperature
(20 °C) during implantation to assess blistering kinetics without any uncontrolled
temperature excursions that may occur from the implantation process. XRD measurements
were then performed on the wafers and are presented in figure 14.

With even modest cooling during implantation, fringes are clearly observable on the
diffraction profile and reveal the presence of strain in the substrate. After specific annealing
steps discussed later in the paragraph, this type of wafers implanted with cooling can be
exfoliated. On the other hand, when the temperature is not controlled during implantation,
the hydrogen diffuses rapidly during implantation, there is no strain in the InP wafer and
therefore is not suitable for exfoliation.

XRD measurements also provide the strain evolution after annealing of implanted materials
to study blistering kinectics as presented before in the cases of Si and Ge. In the particular
case of InP, Hayashi et al. showed that an annealing at 150 °C was crucial to obtain a
successful exfoliation before annealing at 300 °C or above (Hayashi et al., 2006), which is
usually the temperature range for exfoliation. We can see on the diffraction profiles the
evolution of the fringe pattern after annealing at 150 °C and 300 °C (figure 15). There is less
strain relaxation for the 150 °C annealing compared to the 300 °C.
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Fig. 14. Diffraction profiles (o/20 scan) of hydrogen implanted <100> InP as implanted. The
black curve corresponds to implantation with cooling and the grey curve corresponds to
implantation without temperature controlled during implantation.
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Fig. 15. Diffraction profiles (w/26 scan) of hydrogen implanted <100> InP as implanted and
after annealing at 150 °C and 300 °C for 1h each.

Authors explain with the support of TEM observations that, the 150 °C annealing allows the
nucleation of platelets necessary for exfoliation. This low temperature regime is favorable to
the formation of hydrogen complexes trapped in defects while in the high temperature
regime (300 °C) without a nucleation step, hydrogen may have enough thermal energy to
diffuse away from the implanted region and escape defect traps.



80 lon Implantation

Finally, the dose of hydrogen implanted is a good example to show how XRD
measurements are sensitive to implant conditions (Hayashi et al., 2006). Figure 16 presents
diffraction profiles of hydrogen implanted InP substrates in the same conditions, only the
hydrogen dose is different. From the simulation of the curves, the strain profile and the
maximum strain in the implanted region related to the position of the left-most interference
peak are determined. It can be seen that the maximum strain is proportional to the implant
dose. However, the straggles for each case have been determined from the simulation and
they are the same, confirming that the straggle is dependent on the implantation energy
rather than the dose.
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Fig. 16. Diffraction profiles (o/260 scan) of hydrogen implanted <100> InP as implanted with
a dose of 5x1016/cm? and 2.5x1016/cm2.

Thus this paragraph dedicated to InP, shows that XRD analyses are very sensitive to
implant conditions and annealing steps after implantation. From these nondestructive
measurements, the uniformity of the implant profile can be determined across a wafer and
the reproducibility from wafer-to-wafer can be readily evaluated.

3.3.3 Strain in hydrogen implanted GaN

GaN and other III-N semiconductor materials are extremely interesting due to their
optoelectronic and electronic properties. In theory, GaN can be alloyed with varying levels of
indium, tuning its bandgap to cover the entire visible light spectrum. However, GaN
substrates are expensive and currently limited in size. They are epitaxially grown on sapphire,
SiC or Si substrates despite the significant lattice parameter and thermal mismatches. The layer
transfer process is a promising solution to overcome these limitations. GaN can be transferred
on substrates with similar coefficient of thermal expansion such as polycrystalline AIN, and
the qualities of the transferred layer are conserved.

The splitting or exfoliation of GaN has been investigated by many authors in literature
(Hayashi et al., 2003), (Tauzin et al., 2005), (Singh et al., 2006), (Moutanabbir et al., 2009). In
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these studies, the implant energies range from 10-200 keV and the implant temperature goes
from -196 °C up to 800 °C. All show that the exfoliation requires higher doses of hydrogen
(typically 0.5-5x10%7/cm?2 (H*)) than doses usually implanted in others semiconductors.
Diffraction profiles of each report present similarities with each other with a double peak
shape, and a fringe pattern more or less marked according to the implantation temperature.
Indeed, when the hydrogen implantation occurs at low temperature (-196 °C), the
diffraction profile contains fringes due to strain in GaN, in agreement with measurements
realized on InP (see previous paragraph). An example of such diffraction profile extracted
from Padilla et al. is shown in figure 17 (Padilla et al., 2010).
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Fig. 17. Diffraction profile (@/20 scan) of hydrogen implanted <0001> GaN after
implantation at -196 °C, 200 KeV and with a dose of 0.5-1.5x1017/cm?. The simulation of the
profile has been realized with RADS.

Through a simulation of the diffraction profile with RADS, strain can be quantified and
represented as a function of depth in GaN. In parallel, the ion distribution and the recoil
energy are obtained from TRIM simulations. From these simulations and based on previous
studies, the strain evolution can be accurately established (see figure 18).

Analysis and modeling of the strain distribution in as-implanted GaN show two distinct
strain peaks, one near the surface and the second at the projected range. Such a double peak
was not observed in the implant of standard III-V or Group IV materials. The strain near the
surface is not explained by implant conditions. The strained surface layer is not present in
either the GaN substrates or in the GaN/sapphire templates prior to implantation and is
present in both after implantation.

Between the strained surface layer and the maximum strain, there is a region from around
2500 A to 8000 A where the strain is minimum. This could correspond to a damage band
observed with TEM by Singh (Singh et al., 2006) and Moutanabbir (Moutanabbir et al.,
2009). The damage band is located around 100-200 nm under the surface for implantation
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energies between 50-100 KeV. Here the implantation energy used is 200 KeV, which
involves a deeper implantation and a possible shift of the damage band to higher depths.
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Fig. 18. The strain profile for the simulated diffraction scan in figure 12 is shown along with
the energy transferred from the implanted hydrogen to the lattice as a function of depth
(recoils) as well as the hydrogen ion distribution.

3.3.4 Strain and recoil energy

Earlier papers about implantation in semiconductor materials have related the measured
strain to the energy lost in nuclear collisions Fp also called recoil energy (Paine et al., 1987).
In this report, authors implanted heavy species into GaAs at 300 keV with relatively low
doses. They showed the strain profile is the maximum where the energy loss by nuclear
collisions is a maximum, such that

®)

where @ is the implant dose in ions/cm2 (or ions/A2) and K is a constant representing the
conversion of the recoil energy to strain. The K term also may be altered by defect migration
and recombination that may reduce the strain - for example, by subsequent annealing.

€L max = K'CD'FD,max

The linear relationship between strain and Fp did not extend to higher doses and decreased
for a dose greater than 2x10!3 cm-2. In the case of exfoliation, there are distinct differences
with the earlier studies. First, hydrogen is light and each implanted hydrogen ion loses
significant energy due to electronic stopping not included in Fp. Second, the doses typically
encountered in an exfoliation process are in the 1016-1017 cm2 range, which is much higher
than doses used for heavier ions. To verify if the linear relationship between strain and Fp
exists also for exfoliation conditions, different semiconductor materials have been hydrogen
implanted using the same implantation parameters. XRD measurements have been
performed on the implanted wafers and they are presented in figure 19.
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Fig. 19. (004) diffraction profiles (@/20 scan) of different cubic semiconductors implanted

with hydrogen (Hz*, dose 2.5x1016 cm2) at 77 K and 160 keV. The maximum strain values
that correspond to the terminal fringe are noted in parentheses.

In parallel, Fp has been calculated using TRIM simulation for each semiconductor. For this,
the simulation requires the implantation energy and the dose. The results obtained are
presented in figure 20, showing the evaluation of Fp as a function of the depth in the
implanted material. We observe that the evolution of Fp is very similar to the strain (see
figure 6 for InP), and reach a maximum at 5400 A versus 5800 A for the strain.
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Fig. 20. Profiles of Fp as a function of depth for different semiconductors, obtained by TRIM
simulations using the experimental implant parameters in figure 12.
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On the other hand, a linear relationship between the maximum strain and Fpmax is shown in
figure 21. Also included in figure 14 is the data measured from implanted Si as well as from
SiC and GaN.
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Fig. 21. The relationship between the maximum experimentally determined strain and the
maximum recoil energy Fp max determined by TRIM simulation.

This graph demonstrates that, for the hydrogen implant doses and energies typically used
for exfoliation and layer transfer, a linear relationship between Fp and strain exists. Whereas
the earlier studies demonstrated this relationship only for much lower doses and heavier
implant species. The observation that a linear relationship exists for high dose hydrogen
implantation into these semiconductors indicates that the relatively low level of nuclear
stopping associated with implanted hydrogen maintains a low enough level of damage to
ignore higher order damage effects (such as amorphization).

A second interesting result is that the linear relationship between strain and Fp for a given
dose indicates that the K value is the same (or very similar) for all of the implanted
materials. This result contradicts earlier results which observed that there are significant
(order of magnitude) differences in K for a given implant species into different targets
(Paine et al., 1986). Noting that “defect motion, trapping, or recombination mechanisms are
the most responsible for the variations of K between (sic) materials”, the implantation at low
temperatures effectively prevents significant defect motion, etc., and thus K becomes a more
‘universal’ value. Additionally, even at these high doses, doubling the dose doubles the
strain (Hayashi et al., 2006), showing that the linear relationship between dose and strain
exists at the high end of exfoliation implant conditions. Si implanted at an even higher dose
produces the same strain - dose relationship (Sousbie et al., 2006) - i.e., K holds for those
conditions. This result further supports the concept that the quantitative analysis of the
implant-induced strain profile is suitable for a wide range of hydrogen-implanted materials
used in exfoliation and layer transfer studies.
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4. Conclusion

In this chapter, we have discussed the interest of HRXRD analyses in the ion implantation
induced material splitting for layer transfer. This process is a combination of direct wafer
bonding and ion implantation. First developed for the SOI production, it has recently been
adapted to a wide a number of materials such as Ge, III-V semiconductors, SiC, LiBbO3, etc.
Thus, thin layers of materials with qualities comparable to bulk materials can be used for
different applications. However, the choice of the implantation parameter is crucial to obtain
a successful splitting. Therefore, an analysis of the implanted structure prior splitting is a
good way to optimize this choice.

HRXRD constitutes a fast and non-destructive technique to obtain a diagnosis of the
implanted structure and determine if they are suitable for exfoliation. We have
demonstrated that the ion implantation process induces strain and change in
crystallographic planes in the target material. Because of this phenomenon, the diffraction
profile measured by XRD presents interference fringes called diffraction pattern. The
diffraction profile contains information about the strain in the structure accessible via
simulation. The simulation of the diffraction profile can be realized manually by resolving
the diffraction equations, or with a program named RADS used in this chapter. With both
methods, a localisation and a quantification of the strain in the material is obtained.

We have shown that the strain profile evolves during annealing prior splitting, and HRXRD
measurements constitute a good way to monitor this evolution. A diagnosis of the structure
is obtained providing information about the stage of the process (hydrogen diffusion,
platelet formation, etc). This analysis can help to refine the annealing conditions and obtain
the exfoliation.

Finally, the strain profile is related to implantation parameters such as the dose and
implantation temperature illustrated with the case of InP. The strain profile is also related to
the target materials and their mechanical properties as demonstrated through several
examples of semiconductor materials. This validates the fact that HRXRD is very sensitive to
any changes in the material structure and constitutes a powerful tool in the study of
implanted materials.
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1. Introduction

In modern semiconductor manufacturing ion implantation requires precise control and such
a control is impossible without adequate measurements of the implanted media. As the
global trend of miniaturization dictates continuous decrease of the energy and dose of the
implants, the measurement precision should match stricter requirements.

Well-established analysis techniques, including secondary ions mass-spectrometry (SIMS)
(Benninghoven et al., 1987, Brundle et al., 1992, Alford et al.,, 2007), high-resolution
transmission electron microscopy (HRTEM) (Hirsch et al., 1977; Horiuchi, 1994; Williams &
Carter, 2009) allow direct observation of the effect of ion implantation, although they suffer
from being destructive, time consuming and unusable for real-time in-line monitoring of ion
implantation process or to measure uniformity. Some of the more common methods, like
sheet resistance measurements (four-point probe, FPP) (Keenan et al., 1985; Johnson, 2001;
Schroder, 2006) and thermal-wave technology (TW) (Smith et al., 1985; Guidotti & van Driel,
1985; Smith et al., 1986), are fast and relatively inexpensive, but require special efforts in
order to get reliable information and exclude measurement errors. Ideally, the technique
should be non-destructive to the sample, fast, accurate and precise to be used for routine
process monitoring and control.

Among various characterization methods, ellipsometry is a fast, non-intrusive and
informative technique that is sensitive to changes in optical properties and thicknesses of
thin films. As ion implantation significantly changes optical properties of many materials
(especially, crystalline), the ellipsometry is one of the most suitable technique for monitoring
the results of ion implantation with no special sample preparation requirements.
Ellipsometric analysis is able to detect and characterize the degree of crystallinity in buried
layers as well as depth profiling in the sample. Besides the crystalline substrates, the
ellipsometry is able to measure crust, formed on top of photoresist during masked ion
implantation. The crust often poses a problem in post ion implantation photoresist strip and
its characterization is important for optimization of strip processes.

Ellipsometry of implanted crystalline substrates is based on the fact that those substrates are
amorphized and amorphous medium has very different optical properties from the
crystalline one. In traditional models, ion-beam-induced amorphization occurs as a phase
transition induced by adequate number of point defects created by individual ions (point-



90 lon Implantation

defect concentration exceeds some critical value; homogeneous amorphization) or the
formation of continuous amorphous layer is due to overlapping of isolated damaged
regions (heterogeneous amorphization) (Pelaz et al., 2004). Despite numerous studies, the
mechanisms of amorphization by ion implantation are still under intensive investigations.
Currently, various numerical simulations for ion implantation processes, like Monte-Carlo
(MC) and molecular dynamics (MD) techniques, have been widely used to reconstruct the
amorphization profiles (Sigmund, 2004; Ziegler et al., 2010; Nordlund, 1995; Beardmore &
Grenbech-Jensen, 1998).

The amorphization depends on the crystalline medium, implanted elements, energy and
dose of the implantation. There are number of papers describing dependence of the optical
properties and depth of the amorphized layer on the processing conditions. However, the
recent results indicate that even for rather low-energy low dose implants (with energy of
several keV, dose around 105 ions/cm?), which do not cause amorphization, the changes of
the optical properties of the implanted crystalline semiconductor are significant and can be
detected by ellipsometry. The implantation depth measured by ellipsometry corresponds to
direct observations of distorted crystalline lattice by TEM. These results allow extension of
the ellipsometry capabilities toward the lower limits of energy and dose, where no
amorphization occurs.

Ellipsometric measurements of the photoresist crust formation are based on the fact that
energetic ions remove lighter photoresist fraction leaving behind graphite-like carbon-rich
layer. Having optical properties different from those of the bulk photoresist, such a layer
could be measured by ellipsometry. It should be noted, however, that with reduction of
dose and energy of the ion implantation, the formation of this layer is less pronounced and
it causes less issues in post ion implantation photoresist strip.

In the chapter, a short overview of ellipsometry principles is given in section 2. The
application of ellipsometry to investigate ion implantation of crystalline and polycrystalline
silicon is reviewed in section 3. The recent results obtained on very shallow low-dose
implantation are also presented. Finally, summary and future perspectives are presented in
section 4.

2. Fundamentals of ellipsometry

In this section, a very brief overview of the ellipsometry principles is presented. For much
more extended and detailed up-to-date discussion on fundamental principles of
ellipsometry, instrumentations, data analysis as well as multiple applications, see
(Tompkins, 1993; Tompkins & McGahan, 1999; Tompkins & Irene (Eds.), 2005; Fujiwara,
2007; Losurdo et al., 2009; Azzam, 2010).

Ellipsometry (reflection polarimetry; single-wavelength as well as spectroscopic) is an
optical measurement technique for evaluation geometrical and material properties of
substrates, thin films and multilayer structures. Determination of fundamental optical
properties (complex dielectric functions (¢) or complex refractive indexes (N)) gives an
opportunity to characterize other important material properties such as composition, phase
structure, doping, stress, uniformity, electrical properties, etc. The principles of this
technique as well as first applications have been established in the late 19th century but it
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became widely utilized only in 1960s and 1970s due to significant developments in the
instrumentation, computers and data analysis algorithms (Azzam & Bashara, 1977; Rzhanov
et al., 1979; Theeten & Aspnes, 1981; Riedling, 1988; Azzam (Ed.), 1991).

Ellipsometry measures the changes in the polarization state of light upon reflection from a
sample surface at non-normal (oblique) incidence (although transmission ellipsometry at
normal incidence can be used for optically anisotropic samples) and those changes typically
expressed in terms of two values (ellipsometric angles) called Psi (¥) and Delta (A). These
represent an amplitude ratio and relative phase shift between p- and s-components of the
polarized light! which are induced by reflection from the sample (see Fig. 1).

Incident wave Reflected wave

Refracted wave

Plane of incidence 1 (0
1

Fig. 1. Scheme showing the basic principle of ellipsometry: linearly polarized light with p-
and s-components at oblique incidence is reflected and it becomes elliptically polarized. The
parameters of the resulting ellipse depend on the initial direction of polarization, the angle
of incidence and the optical properties of the surface. Eip, Ejs, Erp, and Eys represent the p-
and s-components of the incident (i) and reflected (r) light waves.

The measured quantities W and A are described by the fundamental equation of

ellipsometry
. R E
p=tan(¥)e* =L = 7 [Ersj, 1)
Rs Ez‘p Eis

where R,and R;are the Fresnel reflection coefficients for the p- and s-polarized light,
respectively. The reflection coefficients are directly related to the optical properties of the
sample. In the simple case of single thin film on substrate (see Fig. 2), p can be described as
a function

p=tan(¥)e™ = f(N,,N;,N,,0,,d), )

1 The term “p-polarization” was taken from the German word “parallel” since this component of the
electric field Ep is parallel to the plane of incidence. The component perpendicular to this plane, Es,
was named “s-polarization” and derived from the German word “senkrecht” (perpendicular).
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where N =n—ik is the complex index of refraction.?

l— Q.

Fig. 2. Three-phase (ambient/film/substrate) optical model.

There are two major flavours of ellipsometric technique. Single-wavelength ellipsometry
(SWE) uses a monochromatic light source (typically, high-intensity probe beam from HeNe
laser with a wavelength of 632.8 nm) which results in only single set of ellipsometric
parameters (W,A). Multi-wavelength approach or spectroscopic ellipsometry (SE) involves
measurements of ¥ and A as functions of wavelength (Tompkins & McGahan, 1999;
Fujiwara, 2007). Therefore, the SE determines the complex index of refraction as a function
of wavelength A (material dispersion; N = f(\)). This is definitely an advantage of the SE as
compared with SWE since knowledge of the n and k spectra is very helpful in establishing
the correlations to various physical and chemical properties of the materials (for instance,
the ultraviolet (UV) range of the n and k spectra allows us to determine the degree of
crystallinity in polycrystalline silicon or, together with visible range, to ascertain SiGe
stoichiometry). In variable-angle spectroscopic ellipsometry (VASE), a variant of the SE, the
ellipsometric angles W and A are measured as functions of both wavelength and angle of
incidence (AOI) which results in higher sensitivity and accuracy due to additional optical
paths for various AOI's (Woollam, 1999 ; Woollam et al., 1999 ; Johs et al., 1999).

The real part of N, namely 1, is the conventional refractive index. The imaginary part of N,
namely k, is called the extinction coefficient and it is directly related to the absorption
coefficient of the medium:

where 1 is the free-space wavelength of light.

These two wavelength-dependent quantities are often called the “optical constants” of the
material, although they are not constants in fact but depend, in addition to the A (or light

2Here we follow the traditional ellipsometric convention which defines the imaginary part of N with a
,minus” sign (,The Nebraska Convention”, 1968; see (Muller, 1969; Holm, 1991; Bennett, 2010)). In
other areas of physics the complex index of refraction is defined with a , plus” sign.



Spectroscopic Ellipsometry of lon-Implantation-Induced Damage 93

frequency), also on material’s conditions. The “optical constants” can be considered as
intrinsic properties of the material which completely characterize material’s optical response.

There is an equivalent approach to describe the optical properties in terms of the complex
dielectric function ¢ (sometimes also called “complex dielectric constant”):

E=& —1&,.

The complex index of refraction N and complex dielectric function ¢ are related to each other
through the following relation derived from Maxwell’s equations:

£=N2.
Therefore,
& = n? -k,
& =2nk
and

12
”:%(51 &t +522) ,
12
k :%(—51 +/ef +.922) .

The fact that ellipsometry measures the changes in polarization (rather than the absolute
light intensity or absolute phase) makes it highly accurate, robust and very reproducible
technique. Presence of “phase” information (A) also makes ellipsometric measurements
extremely sensitive for the analysis of surfaces.

Experimentally, the ellipsometric parameters ¥ and A can be determined with very high
precision. However, the next step, namely, extraction of required information (the optical
constants 1 and k and film thickness(-es)) from those measured values, requires adequate
optical model for calculations and it might be quit complicated to construct one in some
cases. Thus, the ellipsometric technique is the indirect characterization method. 3 Then using
linear regression analysis technique the film stack parameters are determined by
minimizing fitting errors to the measured spectroellipsometric data using various error
functions (for more details on data analysis procedure see, for instance, (Jellison, 1993, 1998;
Fujiwara, 2007)).

3. Spectroscopic ellipsometry measurements on implanted silicon wafers

In the past few decades the spectroscopic ellipsometry was extensively used to investigate
ion implantation (Si*, Ge*, B¥, P+, As*, Ar*, Xe*, and N*) of crystalline and polycrystalline
silicon (Ibrahim & Bashara, 1972; Adams & Bashara, 1975; Adams, 1976; Jellison et al., 1981;
Ohira & Itakura, 1982; Lohner et al., 1983; Vasquez et al., 1985; Vedam et al., 1985; Nguyen &

3 Direct n and k extraction from the ellipsometric parameters W and A is only possible in case of flat,
isotropic and homogeneous substrates (medium of semi-infinite thickness).
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Vedam, 1990; Miyazaki & Adachi, 1993; Fried et al., 1992, 2004; Miiller-Jahreis et al., 1995;
Shibata et al., 1999, 2010; Giri et al., 2001; Tsunoda et al., 2002; Petrik et al., 2003; Yoshida et
al., 2005; Stevens et al., 2006; Lioudakis et al., 2006a, 2006b; Petrik, 2008; Matsuda et al., 2010;
Mohacsi et al., 2011). One of the motivations of that was to get non-contact, non-destructive
and rapid measurement technique with high accuracy and sensitivity for industrial
applications (in particular, for integrated circuits (IC) manufacturing). For instance,
Vanhellemont et al. ([Van91], as cited in Petrik, 1999) claim that spectroscopic ellipsometry
“can be considered as a non-destructive, cheap poor man's optical Rutherford backscattering
spectrometer and even as a one-dimensional optical high-resolution microscope”. With a
proper optical model, calibrated to other analytical techniques, it is possible to non-
destructively characterize damage depth profiles with various degrees of crystallinity as
well as effects of subsequent annealing of ion-implanted Si layers.
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Fig. 3. Realistic damaged depth profile models where the damaged regions are divided into
sublayers: (a) with fixed thicknesses (Fried et al., 1992); (b) with thicknesses inversely
proportional to the slope of the profile (Petrik et al., 2003) (reprinted from (Petrik et al.,
2008), with permission from Dr. P. Petrik).

The usual way of describing the ion-implanted media includes two constituents. At first, the
parametrization of the amorphization profile needs to be established. For instance, typical
layer structure for ion-damaged crystalline of polycrystalline Si consists of native oxide on
the top, an extensively damaged region where amorphization exceeds critical amorphization
density, and partially amorphous layer underneath. Those damaged regions can be divided
in sublayers with various ratios for crystalline and amorphous components. Very
sophisticated damaged depth profile models were introduced (Fig. 3) in which coupled half-
Gaussian functions used to describe the damage levels in the sublayers with fixed
thicknesses (Fried et al., 1992) or with thicknesses inversely proportional to the slope of the
profile (Petrik et al., 2003). Secondly, it is necessary to describe the optical properties of the
disordered layers or, in other words, parametrize the complex dielectric functions of such
layers (sublayers). Typically, it can be modeled as a composition of crystalline (c-Si) and
amorphous, ion-induced damaged (i-a-Si), phases using self-consistent Bruggeman effective
medium approximation (B-EMA). Since dielectric functions of the amorphous silicon are not
unique, various optical models can be selected to obtain its optical properties (for example,
well-established Tauc-Lorentz (TL) optical model (Jellison & Modine, 1996a, 1996b) which
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has been the most widely used parametrization of the optical functions for amorphous
materials). 4

However, even a simple model of the ion-damaged Si layer could be used for
characterization of ion-implanted Si for semiconductor manufacturing, where the
robustness and the speed of measurements are the key factors. The measurements are based
on the fact that the top part of the crystalline Si is amorphized by high energy ions and since
amorphous Si (a-Si), crystalline Si (c-Si) and SiO» (which inevitably exists on top of Si after
exposure to air) have very distinctive optical properties, as shown in Fig. 4.

—c-Sik
——2a.5ik| 1

200 300 400 500 600 700 800 900 0 200 300 400 500 600 700 800 900
Wavelength (hm) Wavelength (nm)
(a) (b)
Fig. 4. Dispersions of the refractive index n (a) and the extinction coefficient k (b) of
crystalline Si, amorphous Si and SiO». Extinction of SiO; is zero in the plotted range.

Significant difference in optical properties of those three layers allows thicknesses
measurement of both the amorphized layer and SiO, on top of the crystalline Si substrate
after ion implantation. It should be noted that the implantation energies in the
aforementioned works are rather higher (10 keV or more) while modern ultra-shallow
junctions require implantation energy close to 1 keV or even less. At such low energies Si
might not be amorphized but only damaged. However, recently published papers
(Shamiryan et al., 2010; Radisic et al., 2009, 2010) demonstrated that spectroscopic
ellipsometry can be used for implanted Si measurements even in the case of low energy ion
implantation, when no Si amorphization is observed.

Si implanted with B and As species at low energies (as specified in Table 1) was measured
by spectroscopic ellipsometry with a spectral range of 150-895 nm. The optical model
consisted of a Si substrate and two layers: SiO, on top and a damaged Si (d-Si) layer at the

4 Recently, Ferlauto et al. suggested the Cody-Lorentz dispersion model which has a few advantages
over TL model and better describes the optical properties of some amorphous materials (see details in
(Ferlauto et al., 2002)).
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bottom. The SiO> model was taken from library since the optical properties of SiO, were
considered not modified by ion implantation as it has been reported that the change of
refractive index of silica upon ion implantation does not exceed 1-2% (Bayly & Townsend,
1973; Webb & Townsend, 1976). This could be easily explained by the fact that, unlike Si
substrate, the SiO; layer is already amorphous prior to ion implantation and energetic ions
do not significantly change its state. The model for the damaged (implanted) Si layer was
based on the a-Si model represented by a set of harmonic oscillators. In order to fit the
model to the measured spectra, the thickness of both SiO; and d-Si were varied as well as
optical properties of the d-Si layer. After the implantation, besides ellipsometry, the samples
were also inspected by transmission electron microscopy (TEM). This technique allows
direct observation of the crystallinity of the layers and determination of their thicknesses
using interatomic distance as a reference.

Element Energy, keV Dose, cm-2 Tilt, degrees
B 051;3 1.5x1015 7
As 1,15 1.5x1015 7

Table 1. Ion implantation conditions.

After fitting of the two layer model to the ellipsometric data obtained after ion implantation
it was found that the top damaged layer is indeed similar in optical properties to
amorphous Si. Fig. 5 shows the n and k dispersions for As- and B-doped Si along with the
dispersions for a-Si taken from the library. One can see that the dispersions of both
implanted layers are closer to the a-Si than to c-Si (cf. Fig. 4).
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Fig. 5. Dispersions of n (a) and k (b) for a-5Si (solid curve - taken from KLA-Tencor library)

and for As (1 keV, 1.5x10%5 cm-2)- and B (0.5 keV, 1.5x10'5 cm-2) -doped Si (circles and
triangles, respectively) as measured by SE.
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TEM micrographs (Fig. 6) reveal that for implantation of B with energies of 0.5 keV and 1
keV the Si substrate is not amorphized. However, the top implanted layer is still visible on
TEM images due to strain induced by ion implantation. The thickness of this strained layer
is in a good agreement with SE measurements. As implantation energy of B increases to 3
keV, TEM images show two layers: a bottom strained layer and a top amorphous layer. The
total thickness of these two layers is in agreement with SE measurements. Similar results
were obtained for As, but the top layer was amorphized even for the lowest studied
implantation energy of 1 keV. Summary of TEM measurements and SE measurements is
shown in Table 2. One can see that both d-Si and SiO, measurements are in a good
agreement with TEM data.

Fig. 6. TEM images of Si implanted with B at 0.5 keV (a) and 3 keV (b), the dose is 1.5x10%5 in
both cases. All measurements on the images are in nm.

From the comparison of the TEM and SE measurements we can make two important
conclusions:

1. Even when the implanted Si is not amorphized, its optical properties change
significantly, so it can be easily distinguished from c-Si.
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2. Since the optical properties of the d-Si are close to those of a-Si (see Fig. 5) ellipsometry
can hardly distinguish between those two layers when they both are present at higher
implantation energies.

Therefore, it is possible to measure thickness of the implanted Si layer even though it might
be impossible to tell whether the implanted layer is just strained or amorphized.

B implantation energy, keV As implantation energy, keV
Technique 05 [ 1 | 3 15
SiO; thickness (nm)
TEM 2-2.7 24-2.6 2.1-29 2.3
SE 2.8+0.1 2401 2.5+0.1 2.7
Damaged Si thickness (nm)

TEM 3.5-5.5 7-10 20-24 7-10
SE 4.7¢0.1 7.440.1 23.5+0.2 6.0

Table 2. Summary of TEM and SE measurements of thickness of the implanted Si substrates.
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Fig. 7. Depth of the damaged Si as function of the implantation dose, as measured by
ellipsometry. The left panel shows all data, the right one shows the data obtained for low
energies (less than 10 keV).

The results of the ellipsometric measurements of ion-implanted monocrystalline Si are
shown in Figures 7 and 8. One can see that there are detection limits above which the
ellipsometry can detect damaged Si layer. The detection limits depend on the dose, energy
and ion mass. The dependence of the damaged layer thickness on dose is logarithmic (the
thickness is proportional to the logarithm of the dose; see Fig. 7), while the dependence of
the damaged thickness d on the ion energy E exhibits power dependence in the form

d=A-E,
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where A is a constant related to the implanted element, and x is the power factor in the
range of 0.7-0.8 (see Fig. 8).
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Fig. 8. Depth of the damaged Si as function of the ion implantation energy, as measured by
ellipsometry.

4. Conclusion

In this chapter the basic principles of ellipsometry as well as application of spectroscopic
ellipsometry to investigate ion implantation of crystalline and polycrystalline silicon have
been reviewed. Spectroscopic ellipsometry can be used for characterization of ion-implanted
crystalline substrates before anneal. Ion implantation creates a damaged Si layer, whether
amorphized (for higher implantation energies) or just strained with a distorted lattice. SE
can measure this damaged layer since its optical properties in both cases (amorphization or
lattice distortion) are similar and significantly different from the crystalline Si. Due to
similarity in optical properties, SE cannot distinguish between amorphized and distorted Si
layer.
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1. Introduction

Ion implantation is a powerful technique for the production of new materials. However, in
order to find an optimal way of obtaining compounds with desirable properties, the
influence of many parameters must be tested. The characterization, among other things,
should contain a very precise determination of the local neighbourhood of the implanted
ions. This can be revealed by the X-ray absorption fine structure (XAFS) techniques. Their
main advantage is elemental selectivity, which allows the experimenter to extract
information on the atomic neighbourhood of the chosen species of atom even at very low
concentration of this element.

2. X-ray absorption fine structure techniques

When the X-ray photon energy is equal to the binding energy of a core level of an atom in
the material an abrupt increase in the absorption coefficient occurs. This phenomenon is
known as the absorption edge. The edge energy is characteristic for the type of the excited
inner shell and the type of the absorbing element.

The X-ray absorption spectrum is being usually divided into two regions: X-ray absorption
near edge structure (XANES) up to around 50 eV above the edge and extended X-ray
absorption fine structure (EXAFS) which starts around 50 eV and can reach even 1000 eV
above the edge. However, the exact energy dividing both regions depends mainly on the
investigated system.

Detailed description and interpretation of the XAFS processes can be found in many books
and papers (Eisenberger & Kincaid, 1978; Koningsberger & Prins, 1988; Lee et al. 1981; Stohr,
1996; Teo, 1986; Teo. & Joy, 1981). Here only very simple explanation is provided. The
photoelectron created during the X-ray absorption process can be represented as an
outgoing wave which is scattered by the surrounding atoms. The outgoing and scattered
waves interfere with each other which modifies the absorption coefficient in a way that
depends on the type and spatial arrangements of the neighbouring atoms. Such pattern does
not appear for an isolated atom.

In XANES multiple scatterings dominate. The shape of a spectrum in this region depends
not only on the radial distances, the angles between the atoms, their type and number but
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also on their chemical bonding. Different chemical bondings (ionic, covalent, metallic) alter
core-level binding energies producing absorption edge shifts and changing the distribution
of the unoccupied states above the Fermi level. As an example the measurements of the
manganese oxides at the Mn K edge can be considered. Fig. 1 presents the XANES spectra
for Mn, MnO, Mn;O3 and MnO,. It can be noticed that the edge position moves toward
higher energy while the Mn atoms ionicity changes from 0 to IV. Studies presented by Croft
et al. 1997 showed that in case of the Mn K edge the edge position changes linearly with the
valence state. However, not only the edge position but also the shape of the spectra changes
together with the rearrangements of the atoms around the absorber, reflecting the change in
the local density of states.

Absorption (norm.)
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Fig. 1. XANES spectra at the Mn K-edge of the Mn foil and manganese oxides.

In the EXAFS region single scatterings dominate which simplifies the analysis. Fig. 2a shows
the EXAFS spectrum of MnO. As can be noticed, at the end of the range, the oscillations are
very weak. The absorption coefficient can be defined as p(E) = po(E) * (1 + x(k)), where po(E)
represents a smooth atomic background and y(k) represents the EXAFS oscillations. By
using this equation p(E) can be converted into (k). The result is shown in Fig. 2b. These
oscillations include information about the type, number and distances of the neighbouring
atoms. The next step is to perform Fourier transformation (FT) from k (photo-electron
wavenumber) to R (real) space. The %(R) is a complex function; in the Fig. 2c the magnitude
and the real part for MnO spectrum are shown. The positions of the peaks are related to the
distances between the absorber and its neighbours. The amplitude and shape of the peaks
depend on type and number of neighbouring atoms. E.g. the first peak in the plot consists of
6 oxygen atoms at a distance R =2.2 A, while in the second one 12 Mn (R =3.14 A) and 8 O
(R =3.85 A) atoms are located. In order to analyse this kind of data a realistic model should
be assumed first, and then the fitting of this model to the experimental data should be
performed. The fitting parameters include the distance between given coordination shell
and the absorbing atom; the number of the atoms in a given shell as well as static and
thermal disorder. The thermal disorder can be reduced by performing the measurements at
liquid nitrogen temperature.
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Fig. 2. a) EXAFS spectrum of MnO at the Mn K-edge; b) EXAFS oscillations extracted from a)
after atomic background removal; c) the magnitude (black solid line) and the real part
(dashed red line) of the FT EXAFS oscillations from b).

The fitting can be done using several accessible programs e.g. SixPACK, EXCURVE,
WinXAS. The analysis presented in this chapter was conducted using IFEFFIT data analysis
package with Athena and Artemis programs (Ravel & Newville, 2005).

The XAFS techniques are selective (only the selected element is investigated), local (only the
closest surrounding of the absorbing atoms is investigated, up to 10 A for perfectly ordered
structures) and sensitive (even very low concentration of the element can be detected).
Moreover, they can be used for samples in different states: solids (crystalline or amorphous),
liquids, solutions or gaseous. However, it should be emphasized that if the investigated
atoms form different compounds, the data obtained from the XAFS experiment is averaged
over all those neighbourhoods.

3. Materials

The interest in granular materials composed of semiconductor matrix with nanoinclusions
of magnetic materials is rapidly growing due to the demonstration of their usefulness in the
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construction of magnetic tunnel junctions with huge magnetoresistance. (Hai et al., 2009) In
this kind of material, small ferromagnetic nanoparticles are immersed in the semiconductor
host lattice providing a built-in local magnetic field. However, in case of MnAs precipitates,
two crystalline structures with different magnetic properties were found: the cubic zinc
blende type and hexagonal one. This obstacle does not exist for MnSb clusters since they
have only hexagonal form. Another advantage of MnSb is a Tc well above room
temperature. It was shown that bulk MnSb has a Tc of 587 K (Panchula et al., 2003) while for
MnAs it is only 318 K. What's more, the magnetic force microscopy (MFM) as well as
superconducting quantum interference device (SQUID) measurements revealed the
existence of magnetic anisotropy for the MnSb inclusions grown by the MBE method. The X-
ray magnetic circular dichroism (XMCD) experiment also confirmed that the direction of the
easy magnetization axis in GaSb:MnSb granular layers grown on the GaSb(100) substrates
was close to the in plane direction. The ratio of orbital to spin momentum depends on the
shape and size of inclusions. (Lawniczak-Jablonska et al., 2011) In the case of small
inclusions the enhancement of orbital momentum was observed which offers interesting
opportunities for magnetic applications in a low dimensional limit. The observed change in
the direction of the easy magnetization axis indicates on the possibility to control it by
proper choice of the substrate and growth conditions. These results show that a compound
consisting of MnSb inclusions and semiconductor matrix exhibits very interesting magnetic
and structural properties which can be used in the construction of the spintronic devices.
Finding the way of forming this kind of material by the implantation method could increase
its variety of applications.

3.1 Implantation with low energy Mn" ions (10 keV)

The GaSb (100) crystals implanted with low energy Mn* ions were considered first. The
implantation energy was equal to 10 keV and the doses of the Mn* ions were: 1x1016
Mn/cm? (#1 sample), 2x1016 Mn/cm? (#2 sample) and 3x1016 Mn/cm? (#3 sample). After the
implantation all samples were annealed in a vacuum furnace at 650 °C for 10 min.

The depth profiles of the element distribution in sample #2 as measured by the secondary
ion mass spectroscopy (SIMS) are shown in the Fig. 3. Only the region very close to the
surface is disturbed by the implantation which, for this technique, is almost below the edge
of detection. However, still it is an indication that the Mn atoms concentrate close to the
surface as it was expected in this case.

The shapes of the XANES spectra after normalization look almost the same, which indicates
that the Mn atoms are located in the similar positions independently on the applied dose.
Since the aim of the implantation was to form the MnSb inclusions, the spectrum of
powdered MnSb was measured as well. It can be seen in Fig. 4 that the spectrum of the
standard MnSb sample is completely different from the spectra of the implanted samples.
This excludes the possibility of MnSb formation in the investigated samples. On the other
hand, the strong first peak is characteristic for MnO. The other maxima for the #1 sample in
comparison to MnO are weaker and slightly shifted in energy which means that other type
of compound dominates here. However, existence of some amount of manganese oxides
cannot be excluded.

From EXAFS analysis more detailed information about the distribution of the atoms can be
found. XANES spectra revealed that there is no MnSb, therefore, other cases should be
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considered. As it was predicted, the MnO structure does not dominate here. Oxygen can be
only responsible for the tail visible between 1 and 2 A (see Fig. 5). Therefore, other models

should be checked.
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Fig. 3. SIMS depth profiles of the element distribution in the #2 sample.
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Fig. 4. XANES spectra of the #1 sample compared with the MnSb and MnO references.

Spectra are shifted vertically for clarity.
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Fig. 5. FT EXAFS spectrum of the #1 sample and theoretical models based on the GaSb

crystallographic data. Model 1: Mn substituting Ga (Mng.); Model 2: Mn substituting Sb
(Mnsp,). Spectra are shifted vertically for clarity.

Since the Mn atoms are implanted into the GaSb crystal, the GaSb model seems to be the
obvious choice. First, two cases have to be checked: 1) the Mn atom substituting the Ga atom
in the GaSb structure (Mng,) and 2) the Mn atom substituting the Sb atom (Mnsp). Fitting of
both models returned unphysical parameters. Therefore, in Fig. 5, not the fitting results but
the simulated spectra for the models are compared with the magnitude of FT EXAFS
oscillations for the sample with the lowest dose (#1). Model 1 is a sum of 8 single scattering
paths corresponding to the consecutive 4 Sb and 4 Ga coordination spheres in the GaSb
crystal, where central Mn atom is located in the Ga position. The number of atoms in each
coordination sphere was kept set according to the GaSb crystallographic data. Model 2
presents such sum for the Mn central atom located in the Sb position.

A closer look at the calculated spectra for models reveals the possibility that the Ga atoms
can be located in the first shell but at shorter distance. Moreover, it seems that the Sb atoms
are not located in the vicinity of the Mn atoms. It leads to model 3 also based on the GaSb
structure, where only the Ga atoms are present. In Fig. 6 a sum of 4 single scattering Ga
paths corresponding to four consecutive shells consisting of Ga atoms is shown. The result
seems to be closer to the experimental spectrum but the distances to the subsequent shells
are too large. However, with a lack of antimony atoms, it can be expected that remaining Ga
atoms rearrange their positions and move closer to the central atom. This is shown in model
4 (Fig. 6), where the distances to each shell were modified to agree with the experiment.

The preliminary fitting of the experimental spectrum was performed using model 3. While
defining the parameters, it has to be taken into account that the farther given shell is located
in model 3 the more it has to be moved to agree with the experiment. Therefore, the AR
parameter responsible for monitoring changes in the distances (R) was defined as R*a,
where a is a parameter measuring lattice contraction. The result is shown in Fig. 7. The fit is
not perfect because only single scattering Ga paths were considered, however in spite of
that; the model works reasonably well even up to 8 A. It can be noticed that the distances are
getting significantly shorter. The comparison between the distances to the subsequent shells
found from model 3 and fit is shown in Tab. 1.
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Fig. 6. FT EXAFS spectrum of the #1 sample and theoretical models based on the GaSb crystal
with the Sb atoms removed. Model 3: distances to the Ga shells as in the GaSb crystal; Model 4:
shortened distances to the Ga shells. Spectra are shifted vertically for clarity.

20 ——1——1—

1 AR=0.18A ° expt
fit

_ ; =-=== model 3

R (A)

Fig. 7. Fitting of the FT EXAFS spectrum of the #1 sample using single scattering Ga paths

for four consecutive Ga spheres in the GaSb crystal compared with the same paths as found
from the model 3.

The structure above 5 A in the spectra for higher doses was not well preserved which
indicates that an increase of dose introduces higher disorder in the sample. Therefore, only
two Ga shells were considered in the precise fitting. The first and second shells consist of
gallium atoms. The tail below the first shell was fitted assuming presence of oxygen. MnO
did not crystallize here; only in average 2-3 oxygen atoms at the distance of 2.02 A were
found. In order to further improve quality of the fits also some residual antimony atoms had

to be introduced between the shells. In Fig. 8 the results of fitting for samples with all doses
are shown.

In summary, the EXAFS analysis revealed that even low energy implantation and quick
annealing lead to the significant deficit of Sb atoms around implanted Mn atoms. Some
traces of the Mn-O bonds are detected, however, the majority of the Mn atoms is found to be
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located in the antimony positions in the GaSb matrix where the Sb sublattice is almost
completely destroyed and the remaining Ga sublattice contracts significantly. It leads to the
creation of the inclusions containing Mn-Ga material. In these inclusions Mn atoms are
located within the contracted Ga sublattice preserving a crystalline order characteristic for
the GaSb crystal with the F-43m space group (Wolska et al., 2010).

T T T T T T T T T T T T
A o expt.
—fit with-=---- O input

Ix(R)| (A®)

Fig. 8. Fitting results of the FT EXAFS spectra for the implanted samples up to the second
coordination shell. Residual O and Sb atoms were also used in the fits. For the #1 sample the
contribution from the oxygen atoms is shown (blue dashed line). The a parameter is a
measure of lattice contraction. Spectra are shifted vertically for clarity.

I shell (4 Ga) IIshell (12Ga) |IIIshell (12Ga) |IV shell (16 Ga)
Rca [A] (model) |2.65 5.07 6.66 7.95
Raa [A] (fit) 243 4.66 6.12 7.30

Table 1. The distances to the subsequent Ga shells found from the GaSb model and the fit.

3.2 Implantation with high energy Mn" ions (150 keV) at room temperature

The implantation of the low energy Mn* ions did not succeed in the creation of the MnSb
inclusions. Therefore, in the next step higher energy of the Mn* ions was used. The
implantation energy was equal to 150 keV and the dose was 1.7x1017 Mn/cm2. One of the
samples was left without any additional treatment. The other one was annealed in Ar
atmosphere at 350 °C for 5 min.

The examination of XANES spectra of the samples revealed that this approach was not
successful as well. MnSb inclusions were not formed. The XANES spectrum of the as
implanted sample is quite shapeless which suggests that the Mn atoms' surrounding is
amorphous (see Fig. 9). For the annealed sample weak maxima around 6570 eV and 6600 eV
can be distinguished. They correspond to the maxima seen for the samples implanted with
low energy ions (in Fig. 9 the #3 sample is shown as an example) described in the previous
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procedure. Both spectra are similar, except for the first maximum which is more
pronounced for the #3 sample. Since it was attributed to the presence of oxygen, it would
imply lack of manganese oxides in the new samples.
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Fig. 9. XANES spectra of the as implanted and annealed samples compared with the #3
sample implanted with low energy ions described in previous subchapter. Spectra are

shifted vertically for clarity.

-
[}
1

k(R (A?)

I
3
1

o as implanted
fit
A Arannealed

'l,,'

R (A)

-
(e S S

6

7

Fig. 10. Fitting results of the FT EXAFS spectra for the as implanted and annealed samples.

In order to obtain more precise information about the Mn location in the samples, the
EXAFS analysis was performed. In the FT EXAFS of the as implanted sample only the first
shell can be distinguished (Fig. 10). This confirms the conclusion drawn from XANES
analysis that the Mn neighbourhood is amorphous here. This shell is mainly populated by
the Ga atoms but some traces of the Mn atoms can also be fitted here. As was expected, the
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implantation with high energy ions leads to a lack of a long range order around the
implanted ions.

After annealing in Ar atmosphere the amplitude of the first shell became higher and the
second shell can be distinguished (Fig. 10). The annealing enabled to reconstruct the
crystalline structure around the implanted ions; however, still the structure is not the MnSb
or GaSb. The Mn atoms are no longer located in the first shell. The Ga atoms dominate in the
near neighbourhood forming contracted Ga lattice as it was shown for the samples with low
Mn doses. However, in this case there are no traces of the Mn-O bonds and still no Sb atoms
were found around Mn.

In the attempt to reintroduce the Sb atoms into the crystal, next two implanted samples were
annealed in vacuum with Sb vapour at 400 °C for 48 h and at 600 °C for 2h. The distributions
of the elements as measured by SIMS are presented in Fig. 11. Clear attenuation in the depth
profiles of the Ga and Sb atoms reflects the disturbed region in the crystal. Therefore, the
ratio between the Sb and Ga atoms distributions is taken into consideration in the analysis
while investigating the relative changes in the concentration of Sb atoms.
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Fig. 11. SIMS depth profiles of the element distribution in the samples annealed in Sb
vapour compared with the profiles for the as implanted sample.

SIMS data show that there is a depletion in the distribution of the Sb atoms in respect to the
Ga atoms in the vicinity of the surface for the as implanted sample. For the samples
annealed in Sb vapour the ratio of the Ga to Sb atoms stays almost constant. It confirms that
such annealing reintroduces the Sb atoms into the implanted samples. On the other hand,
together with antimony high amount of oxygen was also introduced during this procedure.
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EXAFS analysis of the samples annealed in Sb vapour shows completely different atomic
order around Mn atoms in comparison to previously investigated samples. It was found
from SIMS data that high amount of oxygen was introduced during the heat treatment. And
indeed, as seen from the EXAFS spectra in Fig. 12, the first shells show the distribution
characteristic for oxides. However, in both samples the Mn atoms don't form stoichiometric
MnO with long range order but the oxygen atoms are found in the first shell and different
numbers of Mn atoms in the second one. What's more, the Mn-Mn distances differ between
the samples annealed at 400°C (R=3.12A) and 600°C (R=3.55A) which means that
different types of manganese oxides start to be forming,.

(R (A)

R (A)

Fig. 12. Fitting results of the FT EXAFS spectra for the samples annealed in Sb vapour
compared with the MnO reference. Spectra are shifted vertically for clarity.

In summary, the EXAFS results showed that in all considered cases the implantation
removed the Sb atoms from the neighbourhood of the Mn atoms. After annealing in Ar
atmosphere the Mn-Ga inclusions were formed. The annealing in Sb vapour reintroduced Sb
atoms but together with oxygen which is more reactive and was bounded to the Mn atoms
forming Mn oxides (Wolska et al., 2010).

3.3 Implantation with high energy Mn" ions (150 keV) at low temperature (80 K) with
noble gases co-implantation

The attempts shown above revealed that, in order to establish the proper procedures, it is
necessary to investigate processes with more steps. It was assumed that the cold and
disordered matrix would prevent the escape of the Sb atoms. Therefore, the co-implantation
of noble gases was considered. The He* and Ne* ions were used to make the matrix
disordered. Then, the Mn* or the Mn* and Sb* ions were implanted. The substrates'
temperature during the implantation processes was kept at 80 K. The energy and doses of
Mn* and Sb* ions were chosen according to the depth profile ion distribution simulated by
the SRIM2008 code (Ziegler et al., 1985) in order to locate the Mn* and Sb* ions at the
distance from 50 to 150 nm below the surface. The implantation of noble gases was assumed
not to influence the GaSb matrix density. The calculated ranges of ions are listed in Tab. 2.
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Four series of implantation were prepared:

a. NeMn where the substrate was implanted first with the Ne* ions (250 keV, dose 5x1016
cm?) and then with the Mn* ions (150 keV, dose 9x10%4 cm-2).

b. NeMnSb where after the procedure described in point a) the Sb* ions (250 keV, dose
9x1014 cm-2) were implanted

c. HeMn where the substrate was implanted first with the He* ions (80 keV, dose 5x1013
cm2) and then with the Mn* ions (150 keV, dose 9x10%4 cm-2).

d. HeMnSb where after the procedure described in point c) the Sb* ions (250 keV, dose
9x1014 cm-2) were implanted.

I step (noble gases) | II step (Mn* ions) 1II step (Sb* ions)
NeMn Ne+ GaSb Mn+ GaSb
Rp=369.1 nm Rp=94.82 nm
ARp=149.2 nm ARp=48.11 nm
NeMnSb Ne+ GaSb Mn+ GaSb Sb+ GaSb
Rp=369.1 nm Rp=94.82 nm Rp=74.20 nm
ARp=149.2 nm ARp=48.11 nm ARp=33.70 nm
HeMn He+ GaSb Mn+ GaSb
Rp=433.6 nm Rp=94.70 nm
ARp=151.4 nm ARp=48.28 nm
HeMnSb He+ GaSb Mn+ GaSb Sb+ GaSb
Rp=433.6 nm Rp=94.70 nm Rp=78.10 nm
ARp=151.4 nm ARp=48.28 nm ARp= 37.30 nm

Table 2. The calculated ranges of ions for each implanted series.

Each of the implanted samples was subsequently divided in two parts. One part was left as
such (as-implanted), the second part was subject to rapid thermal annealing (RTA) for 5
min. in Ar atmosphere at the temperature 350 °C (RTA 350).

The SIMS measurements were conducted on the samples annealed at 350 °C. The results are
shown in Fig. 13. There are clear differences in the distribution of the elements depending
on the type of noble gas used in the co-implantation. What's more, in all cases a considerable
amount of oxygen atoms was incorporated deeply into the matrix.

Close comparison of the Mn and Sb distributions found from SIMS measurements with
those calculated by the SRIM code confirms that the results depend on the matrix
preparation. In Fig. 14 the SRIM and SIMS data for the NeMn and NeMnSb samples are
presented. In case of the Mn atoms there is a perfect agreement - the maximum of the
concentration is located around 85 nm from the surface for the calculations and 90 nm for
the measurements. The maximum for the Sb atoms is supposed to be around 70 nm. From
SIMS data it is hard to determine the maximal point but comparison between the NeMn and
NeMnSb clearly shows that additional Sb atoms are located within the same depth as the
Mn atoms. This could suggest that at least in the NeMnSb sample the possibility of the
MnSb formation exists.

In case of the samples co-implanted with the He+ ions the changes introduced to the matrix
resulted in remarkable distortion from predicted Mn and Sb distributions. In Fig. 15a it can
be seen that according to the calculations the maximum of the concentration should be
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around 85 nm for Mn and 70 nm for Sb. However, SIMS results (Fig. 15b) show that for the
HeMn sample maximum of the Mn concentration is around 200 nm, while for the HeMnSb
sample there is a long plateau slightly tilted down. The results are in correlation neither to
the Mn atoms nor to the predictions.
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as calculated by SRIM 2008; b) Depth distribution of Mn and Sb atoms in the samples as
measured by SIMS.

From the analysis conducted above it can be concluded that the distribution of the Mn ions
after the implantation by the Ne* ions is close to the prediction of SRIM2008 simulation,
while changes introduced to the matrix by the He* ions resulted in remarkable distortion
from predicted Mn distribution. Taking into account that the SIMS results for the NeMnSb
sample show that the co-implantation of the Mn* and Sb* ions tends to gather them in the
same region one can suspect that in this sample the MnSb compound may be formed.

The XANES measurements of the as implanted and RTA 350 samples are presented in Fig.
16. The MnSb spectrum is shown for comparison. It is obvious that the MnSb inclusions
were not formed, even for the prospective NeMnSb sample. What's more, spectra for all
look very similar which indicates that the Mn neighbourhood doesn't change much for any
of them.

In Fig. 17 the FT EXAFS spectra for the RTA 350 samples are presented (the spectra of the as
implanted samples look very similar and are not shown here). For all of them only the first
peak can be distinguished. It means that the neighbourhood of the Mn atoms is amorphous
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or highly disordered. The MnO reference spectrum is shown for comparison. Its first shell
consisting of oxygen looks like the one in the samples. The second, Mn consisting shell, is

not formed in the samples.

Absorption (arb.u.)

- — -RTA 350

as implanted

HeMnSb
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Fig. 16. XANES spectra of the as implanted and annealed samples compared with the MnSb

reference. Spectra are shifted vertically for clarity.
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Fig. 17. FT EXAFS spectra for the RTA 350 samples compared with the MnO reference.
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The model fitted to the spectra confirms that for all samples Mn-O bonds are formed. In all
cases number of the O atoms is lower than for MnO (around 3 atoms instead of 6) and the
Mn-O distances are shorter (around 2.03 A instead of 2.22 A).

In summary, the X-ray absorption analysis showed that independently on the co-
implantation and post-implantation procedures only the Mn oxides were formed inside the
GaSb matrix in the considered samples. The implantation into the cold and amorphous
substrate indeed prevented the Sb atoms from escaping, however, at the same time through
the formed frozen channels the oxygen atoms were incorporated deeply into the matrix.

3.4 Implantation with high energy Mn" ions (350 keV) into the SisN4 capped samples

The procedures described above succeeded in preventing the Sb atoms from escaping but
did not prevent the oxygen contamination. Therefore, in the next attempt the GaSb (100)
crystals were capped with amorphous Sb and SizsNy before the implantation of the Mn ions.
The SizNy4 cap was supposed to protect the matrix from the introduction of oxygen while the
Sb layer was providing additional Sb atoms. The implantation energy was equal to 350 keV
and the dose was 1.3x1017 Mn/cm2. The substrate temperature during implantation was
kept below 50°C. One of the implanted samples was left untreated; the other one was
annealed at 500 °C for 20 minutes. Additionally, another not capped GaSb(100) crystal was
submitted to the same implantation and post-implantation process in order to check the
influence of the capping layer. Tab. 3 lists the names of the samples and the processes they
were submitted to.

sample not capped capped
as implanted 210 210N
annealed 210V 210NV

Table 3. The names of the implanted samples and the processes they were submitted to.

The SIMS measurements show that indeed the presence of the SisNs capping layer
introduces changes between the samples. In case of the capped samples, the depletion in the
Ga and Sb distributions ends earlier that in the analogous uncapped ones. (Fig. 18)

For the as-implanted 210 and 210N samples the Mn and O distributions look rather similar.
However, in case of the annealed ones the differences are quite significant. For the
uncapped 210V sample the Mn and O distributions changed slightly the slope but still
remained approximately parallel. For the capped annealed 210NV sample the O atoms were
moved closer to the surface while the Mn atoms stayed deeper. It means that capping and
annealing indeed had influence on the Mn and O atomic distributions.

Consideration of the SIMS data leads to the conclusion that in the 210NV sample new type
of inclusions can be formed. However, in the XANES spectra only slight changes in the
shapes are seen between the as implanted and annealed samples independently from the
presence of the capping layer (see Fig. 19). The pronounced first peak characteristic for the
manganese oxides dominated in the spectra.
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FT EXAFS spectra reveal that in all samples an amorphous neighbourhood exists around the
Mn atoms (see Fig. 20). Only first coordination shell is visible. Its amplitude differs between
the as-implanted and annealed samples confirming differences noticed in the XANES spectra.

The model fitted to the spectra revealed that the Mn atoms' neighbourhood consists of O
atoms. For the as-implanted samples there are in average 3 O atoms at the average distance of
2.09 A, while for the annealed samples around 5 O atoms can be found at the same distance.
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In summary, the SIMS measurements show that the capping layer influenced the distribution
of the elements. However, the XAFS analysis reveals that the implantation temperature was

too low to enable formation of the inclusions other than the manganese oxides.

Ix(R)I (A®)

5 6

Fig. 20. Magnitude of FT EXAFS spectra for the samples compared with the MnO reference.

3.5 Implantation into warm substrate

Conclusions from the previous procedures suggested another approach - the implantation
into the warm substrate. In this case the substrates were kept at 70 °C and 200 °C during the
implantation. First, the Mn* ions (120 keV, dose 5x101¢ cm-2) were implanted and then the
Sb* ions (240 keV, dose 5x1016 cm-2). After implantation the samples were annealed in situ at

350 °C for 0.5 h.
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Fig. 21. SIMS depth profiles of the element distribution: a) in the sample implanted at 70 °C;
b) in the sample implanted at 200 °C.
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From the SIMS data the differences between the samples can be distinguished. For the
200 °C sample the maximum of the Mn atoms concentration is 50 nm closer to the surface
than for the 70 °C sample and corresponds with the depletion in the Sb atoms distribution.
For the 70 °C sample no depletion in the Sb profile in respect to the Ga one can be detected
but the level of the O atoms is higher than in the 200 °C sample.

The XANES spectra confirm that there are differences between the samples (see Fig. 22).
Comparison with the previously analysed various types of spectra leads to the conclusions
that in the 70 °C sample some oxides can be expected while the 200 °C sample is probably
the Mn-Ga type.
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Fig. 22. XANES spectra of the samples implanted at 70 °C and 200 °C compared with the
MnSb reference. Spectra are shifted vertically for clarity.

The EXAFS analysis confirms these conclusions. In the 70 °C sample two shells can be
distinguished, see Fig. 23. The first one consists of the O atoms at the distance of 2.06 A. In
the second one the Ga atoms are present at the distance of 2.46 A. In case of the 200 °C
sample, according to predictions, two shells containing the Ga atoms are visible (Fig. 24).

It was assumed that the additional Sb atoms introduced into the matrix would facilitate the
formation of the MnSb inclusions; however, the EXAFS analysis didn't confirm the presence
of the Sb atoms in the Mn atoms' neighbourhood. In case of the sample implanted at 70 °C,
the Mn oxides and Mn-Ga clusters coexist. For the sample implanted at 200 °C only the Mn-
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Ga clusters are formed. It can be concluded that the thermal disorder during the
implantation at higher temperature prevented the migration of the oxygen atoms due to the
quick recrystallization of the matrix during cooling. However, the chemical affinity of Mn to
Sb is lower than to Ga.

o

o impl. 70°C

0 I 1 I 2 I 3 4 5 ‘ 6
R(A)

Fig. 23. Magnitude of the FT EXAFS spectrum of the sample implanted at 70 °C together
with the fit. In the first shell the oxygen, in the second - the gallium atoms are located.
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Fig. 24. Magnitude of the FT EXAFS spectrum of the sample implanted at 200 °C together
with the fit. The first and second shells consist of the gallium atoms.

4. Conclusions

The examples of forming the MnSb inclusions in the GaSb crystals during the Mn* ion
implantation shown in this chapter demonstrate that detailed information about the dopants'
neighbourhood is a very important part of characterization of any new material. The attempts
at obtaining the MnSb inclusions encountered several obstacles which were recognized by
XAFS analysis. Implantation tends to remove Sb atoms from the neighbourhood of the Mn
atoms even with the implantation temperature kept close to liquid nitrogen temperature. It
was possible to reintroduce Sb atoms by the annealing in Sb vapour but together with oxygen
which is more reactive and was bounded to the Mn atoms. Keeping the high temperature
during the implantation prevented the migration of oxygen but still the chemical affinity of
Mn to Sb is lower than to Ga and the Mn-Ga clusters are formed.
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In summary, the theoretical calculations enable to determine the values of the implantation
parameters in order to plan distribution of each element. Thanks to the SIMS measurements
it can be checked if the element distributions are in agreement with the predictions.
However, it is not enough to ensure that the implanted element is located in the right part of
the material, it is also important to find out its chemical bonding which is possible with the
XAFS techniques.
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1. Introduction

Phase change materials are characterized by the existence of at least two different
phases, between which it is possible to reversibly and repeatedly switch in a very short
timescale. Large variation of the electrical and optical properties occurs upon phase
change. These unique properties have made phase change materials very attractive for
the realization of nonvolatile electronic memories based on the concept of using the
reversible amorphous-to-crystalline phase transition as writing and erasing mechanism.
The two logic states are the high resistance, low reflectivity amorphous phase and the
crystalline, high reflectivity, low resistance phase. The switching can be obtained either
by using a laser pulse or an electric pulse.

The technological success of phase change materials was firstly linked to the realization of
optical memories, and it was enabled by the discovery of a class of materials, belonging to the
pseudobinary line GeTe-Sb,Te;, characterized by large variation of optical contrast by laser
pulses. Thanks to the use of such materials, the rewritable optical storage technology has been
developed, reaching its third generation of blu-ray disks with 100 Gb capacity. The most
common used material for optical disks has composition Ge;Sb.Tes and it is also characterized
by order of magnitude of resistance variation when changing from amorphous to polycrystal,
with face centered cubic structure (fcc). Following the optical memory concept, the phase
change materials have been proposed for the realization of nonvolatile memories based on the
phase transitions driven by electric pulses. Phase change memories (PCM) employing
GesSboTes as recording media have been successfully manufactured, obtaining large electrical
contrast, with orders of magnitude of difference between the resistance in amorphous and
crystalline phase (Lai & Lowrey, 2001; Redaelli & Pirovano, 2011).

Many material aspects have to be taken into account for the realization of phase change
electrical memories. One limits the application of phase change memories as multi-level
memory, and it is the drift effect of the amorphous phase resistance, i.e. a resistance increase
occurring even at room temperature. The second major issue is due to the low crystallization
temperature of the amorphous phase, which may limit the data retention under operation
conditions and therefore the reliability of phase change memories that should be stable in
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the amorphous phase for ten years at 80°C for embedded applications and at 150°C for
automotive applications.

In this chapter we will show how ion beam can be employed as a useful tool to investigate
and modify some physical properties of phase change materials. In particular we will focus
on the stability of the amorphous phase, the data retention properties and the crystallization
time, that represents the most limiting time constant.

2. Phase change memory

In phase change memories (PCM) the write and erasing mechanisms are based on the
reversible amorphous-to-crystal transition, being the two logic states the amorphous and the
fec polycrystalline phase. Data reading is performed by measuring the resistance of the Ge-
Sb-Te cell, without producing any phase transition.

The crystallization of the amorphous material (SET operation) is obtained through Joule
heating by current pulses but it is enabled by a threshold switching mechanism which
allows enough current to flow through the material to heat it above crystallization
temperature. The threshold switching occurs at a certain threshold field, on the order of 10-
100 V/um (Krebs et al, 2009), depending on the material composition, and it is
characterized by a sudden decrease of resistivity, with negative differential resistance, as
schematically shown in figure 1. Several models have been suggested to explain this effect,
such as thermal runaway caused by Joule heating (Owen et al. 1979) or energy gain of
electrons in a high electric field, leading to a voltage-current instability (Ielmini, 2008).
However, detailed experimental validations of the proposed models are further required to
better understand the physical mechanisms.

It is experimentally observed that the threshold switching is a reversible phenomenon. If a
short voltage pulse above the switching threshold is applied and quickly removed, after a
short delay time, the memory cell returns to the high resistance value of the amorphous
state, without memory switching. If the voltage pulse is long enough to heat the material
above the crystallization temperature, the conversion into the crystalline phase occurs, and
after pulse the cell has low resistance.

CURRENT

s,

4

Vh Vth
VOLTAGE

Fig. 1. Current-voltage characteristic of a phase change material, exhibiting electronic
threshold switching.
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The amorphous-to-crystal transformation is a first order phase transition governed by
nucleation and growth and its investigation is crucial for memory applications since the
most limiting time constant is the crystallization time and the reliability and retention
properties strongly depend on the crystallization kinetics.

To increase the crystallization temperature (~150°C) adversely affecting the retention
properties, nitrogen doped GeSbyTes (GST) has been proposed for PCM (Horii et al., 2003).
In fact, it has been shown that nitrogen doping during deposition (Kojima et al. 1998, Jeong
et al. 2000) increases the amorphous stability and reduces the grain size, improving the cell
cyclability.

The erasing operation (RESET) is achieved through the crystal-to-amorphous phase
transition. Amorphization of crystalline films can be obtained by melting and quenching of
the melt fast enough that it solidifies in the amorphous state or by ion implantation at room
temperature, producing films of various properties (Mio et al. 2010, Raoux et al. 2010). In
nonvolatile electrical memory cells melt quenching is obtained by applying a high and short
voltage pulse that melts the material, while in optical memories laser pulses are employed.
In PCM devices, after melt quenching, the material usually undergoes structural relaxation
leading to a resistance drift to higher values over time. This amorphous instability has not
been yet understood and it has been explained by considering stress release (Pirovano et al.
2004, Boniardi et al. 2009), decrease of defect density (Ielmini, 2008), shift of the Fermi level
or increase of the band gap (Pirovano et al, 2004). Indeed, it has been shown that
amorphous phase change materials can have very different properties depending on the
way they are produced (melt quenching, room temperature deposition or ion implantation)
and on their thermal history (Lee et al., 2009, De Bastiani et al., 2008).

We will investigate the effect of ion beam on the electrical properties of amorphous
GesSbyTes thin films by comparing the electrical properties of deposited amorphous
materials to melt-quenched films obtained by laser pulses irradiation and to films
amorphized by ion implantation.

Ion implantation has been also employed to introduce impurities belonging to different
groups (nitrogen, oxygen and fluorine) into amorphous GST films, in order to produce films
with different physical properties. The effects of doping on the electrical conduction of
amorphous material and on the amorphous -to-crystal transition will be shown.

3. Amorphization by ion beam

In order to study the crystal-to-amorphous transition we have prepared crystalline films, 70
nm thick, by RF sputtering at 250°C from a single target, on a 500nm thick SiO, film,
deposited by chemical vapour deposition on a Si substrate.

The film stoichiometry was measured by electron Auger spectroscopy and energy
dispersion X-ray spectrometry (EDXS). X-ray diffraction (XRD) indicated the deposited
samples were crystalline.

Amorphization was obtained either by ion implantation or laser melt quenching. For ion
implantation, samples were obtained by implanting Ge at 130KeV with a dose of 9e13/cm?2.
This dose corresponds to 0.08 % of Ge in the film, and therefore it is low enough to not alter
the film composition but it is effective to amorphize the material. Indeed, after implantation,
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the XRD spectrum was typical of an amorphous phase and the electrical resistivity was
comparable to that measured in the as deposited amorphous film. The complete
amorphization was detected by X-ray diffraction in glancing angle, to enhance the signal from
the thin phase change layer. XRD measurements have been carried out using a SIEMENS
D5005 diffractometer operating with Cu K, (A =0.15406 nm). The X-ray beam was incident at
0.7° on the sample surface and the detector angle was incremented with an angular step of
0.02°. Figure 2 shows in red the XRD spectra of 70 nm thick crystalline films, as deposited at
250°C, with typical rocksalt patterns, and, in blue, the same film after ion implantation of Ge.
No XRD peak is visible anymore and the pattern is typical of amorphous materials.
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Fig. 2. XRD spectra of Ge;Sb,Tes deposited at 250°C, in the rocksalt structure (red), and after
ion implantation with Ge at 130KeV, 9e13/cm? (blue). After implantation the XRD peak is
typical of an amorphous material.
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Fig. 3. Sheet resistance of melt quenched crystalline films versus laser intensity. The higher
sheet resistance is measured in completely amorphized films.
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Melt-quenched films were obtained by using a Ruby laser operating at 695nm. Samples
were irradiated with a 30 ns laser pulse, employing a spot diameter of 3.5 mm. The energy
density was varied and the effect of film irradiation was monitored by measuring the sheet
resistance using a four point probe.

Figure 3 shows the sheet resistance as a function of laser intensity. Below 30 mJ/cm? the
measured sheet resistance is around 10000hm/square, typical of crystalline GST. This value
gradually increases with laser intensity and reaches a saturation value of 5E7 Ohm/square
for energy densities above 40m]J/cm?2.

Data shown in fig. 3 can be explained by considering the depth of melt versus energy
density. The heating and melting produced by the laser pulse can be described by
considering the heat diffusion equation with the addition of a source term driven by the
absorption of laser radiation (Baeri, 1982). If the film is spatially uniform, then away from
the edges of the irradiated area any temperature variation will occur only along the axis
perpendicular to the sample surface. This simplifies the problem to one dimension and it is
described by the equation

inl(z,tﬂ—ii(xgj 1)
ot pC, pC, 0z\ oz

where T is the temperature at time t and depth z, a is the absorption coefficient of the
illuminated material, with specific heat capacity C, and density p, k is the thermal
conductivity and I is the laser power density.

I(t,z) = Ip(t) (1-R) exp(-az) 2)

For the same laser pulse duration, the melt region depth can be calculated by dividing the
sample into slices of thickness Az and discretising time into units At. The temperature of
each slice is then calculated from the energy deposited into the material by absorption of
laser light and heat transfer by diffusion. The parameters used for calculations are shown in
table 1.

Melting Temperature (K) 891
Thermal Diffusivity (cm?/s) 4.7e-3
Thermal conductivity (W/cm) 0.582e-2
Specific Heat (J/cm?3 K) 1.2

Density (g/cm?3) 6.2
Latent Heat of fusion (J/cm3) 600

Table 1. Parameters used for numerical calculations of the depth of melting region under
irradiation by a 30 ns laser pulse

The results of simulations are shown in figure 4, where the melt depth is plotted as a
function of time for different energy densities. According to the measured sheet resistance
no melting, which means no amorphization, is expected for energy density below
30m]J/cm?2. For energy densities above this threshold value, the melting depth increases as
the energy density increases.
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Fig. 4. Melted depth versus time as simulated for several energy densities.

Figure 5 shows the simulated melt depth as a function of laser energy density. The arrows
indicate the energy density at which the thickness of melted material is expected to reach
the film thickness of 70 nm. The simulated value of 40 mJ/cm?2 required to melt the entire
film agrees very well with the energy density at which sheet resistance saturation is
observed, indicating that all the material is converted into the amorphous phase by melt
quenching.
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Fig. 5. Energy density versus melt thickness. For 70 nm thick film complete amorphization is
expected above 40m]J/cm?2.

For comparison, amorphous films were also deposited at room temperature over SiO,
covered Si substrates, from a single target by using RF sputter. Thickness of amorphous
films was 50 nm. The stability of the amorphous resistance has been studied through sheet
resistance measurements at different temperatures, in the range 40-120°C.

Figure 6 (a), (b) and (c) shows as black symbols the conductivity versus the reciprocal of
temperature for as deposited, implanted and melt quenched amorphous films, respectively.
The figure also shows as red symbols the conductivity obtained after annealing at
temperatures below 140°C, i.e. not so high to produce the conversion into the crystalline
phase. Four different samples have been measured for amorphous and as implanted
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material. For melt quenching, samples irradiated at two different laser intensities have been

tested. Both laser intensities values are high enough to melt and quench the entire film
thickness.
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Fig. 6. Conductivity versus temperature for as deposited (a), implanted (b) and laser
annealed (c) amorphous GST.

The carrier transport in amorphous GST in the temperature range we studied (40-120 °C), is
dominated by the band conduction through extended states, in which the charge carriers
hop between trap centers via excitations above the mobility edge. Therefore the conductivity
of amorphous samples is exponentially dependent on the energy gap, whose value is about
twice the activation energy for conduction (Mott & Davis, 1979).



136 lon Implantation

In as deposited samples the mobility gap, measured by linearly fitting the data shown in
Fig.6, is 0.86 eV and its value does not change after annealing at 130°C for 10 minutes.
Therefore in as deposited GST we do not observe the resistance drift reported for PCM
devices.

In films amorphized by ion implantation, instead, the conductivity decreases after annealing
at 120°C. The mobility gap also changes from 0.7eV, obtained in fresh samples, to 0.82-0.84
eV, a value very close to the as deposited amorphous. A similar behavior is also observed
for melt quenched amorphous films.

The drift of activation energy for conduction in amorphous GST has been already observed
in amorphous cells and it has been explained considering two possible candidates: a change
of the bandgap value due to mechanical strain; a change of the donor acceptor-like defect
density (Pirovano et al., 2004). Under compressive strain the bandgap of several
chalcogenide materials decreases by as much as 2eV/ relative volume variation (Kastner,
1972). It is known that the phase change cause a compression of 6%. Therefore melt-
quenched films could exhibit lower bandgap due to accumulated mechanical stress. This
stress can be then released, producing and increase of E,;, thanks to the bandgap increase
during stress release.

On the other hand, it has been observed that ion implantation can produce densification in
phase change materials (Rimini et al., 2009), obtaining amorphous films of substantially
higher mass density than as deposited amorphous films (Raoux et al., 2010). Therefore we
can reasonably consider the observed modification of E; in both melt quenched and ion
implanted film as due to compressive stress release.

Another possible explanation is given by recent calculations (Akola et al., 2010) and involves
the role of Ge atoms bonding. Atomistic simulations of molecular dynamics performed on
amorphous phase-change materials have shown that in melt quenched and as deposited
amorphous GST, Germanium atoms have different environments: predominantly
tetrahedral in as deposited GST and distorted octahedral in melt quenched. EXAFS data
(Kolobov et al., 2004) indicate that in amorphous GST Ge atoms are prevalently
tetrahedrally coordinated, with considerably shorter bond lengths (2.61-2.63 A) than in the
crystal, where Ge atoms occupy the octahedral position with Ge-Te bond length 2.83 A
Therefore the decrease of activation energy for conduction observed in films amorphized by
ion implantation and in melt quenched GST could be determined by a larger fraction of Ge
atoms with distorted octahedral coordination.

4. Doping by lon beam: Amorphous properties

Films doped with nitrogen, oxygen or fluorine have been obtained by ion implantation on
amorphous Ge;Sb;Tes. The energy of the ions was 15 keV, in order to have distributions
peaked at the center of the film. Different fluencies were implanted, obtaining peak
concentrations of 1.5 at.% and 10 at.% of nitrogen; 1.5 at.% and 6 at.% of oxygen; 1.5 at.%
and 6 at.% of fluorine.

The amorphous properties were studied by electrical measurements. The sheet resistance
was measured in situ using a four-point probe configuration, with the employment of a
thermal chuck.
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Fig. 7. Conductivity versus reciprocal temperature for undoped amorphous GST (diamonds)
and samples doped with oxygen (squares), nitrogen (triangles) or fluorine (circles).

Figure 7 shows the conductivity of amorphous samples as a function of the reciprocal
temperature, measured in undoped GST (black diamonds) and in samples with: 1.5 at.% of
O (full squares), 6 at.% of O (open squares), 1.5 at.% of N (full triangles) 10 at.% of N (open
triangles), 1.5 at.% of F (full circles) and 6 at.% of F (open circles). As shown by the arrows in
Fig.7, in the case of nitrogen or oxygen doping, the conductivity decreases as the dopant

concentration increases. In the case of GST doped with fluorine, instead, the conductivity
increases.
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Fig. 8. Activation energy for conductivity as a function of doping concentration, obtained for
nitrogen (diamonds), oxygen (squares) and fluorine (triangles).

Figure 8 shows the activation energy versus doping concentration, as obtained by linearly
fitting data shown in Fig. 7.

In samples doped with nitrogen or oxygen the activation energy for conduction slightly
increases, while for fluorine doping the activation energy remains almost the same. Largest
variations have been obtained in the case of nitrogen: by doping GST with 10 at.% of N, the
conductivity decreases of one order of magnitude and E, increases from 0.42 + 0.01 eV,
measured in undoped samples, up to 0.47 +0.01 eV.
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These results are in agreement with changes in the optical band gaps of nitrogen doped GST
films reported in literature (Kim et al., 2007), indicating that the increased band gap is
closely related to the incorporation of nitrogen.

According to the results of numerical calculations shown by (Akola et al., 2010), an
increased activation energy for conduction in nitrogen and oxygen doped samples could
indicate the presence of more Ge atoms tetrahedrally coordinated.

5. Amorphous-to-crystal transition in undoped Ge,Sb,Te; films

Several experimental techniques have been employed to follow the amorphous-to-fcc
transition in Gexb,Tes, such as optical or electrical measurements. However, only
microscopical techniques allow to separate the contribution of nucleation and growth,
obtaining valuable information for understanding of the involved physical mechanisms. For
this reason we have studied by in situ transmission electron microscopy (TEM) the
amorphous to crystal phase transition as a function of temperature and annealing time,
obtaining a detailed measurement of all the physical parameters governing the
transformation.

To render the sample transparent for TEM, specimens were ground, dimpled and etched in
a HNO;:HF:H;O (4:1:1) solution. This procedure has been adopted because it assures no
variation of the initial interfaces and film thickness, which could affect the nucleation and
growth process (Ohshima, 1996, Friedrich et al.,, 2000). Indeed, the specimen under
observation in the microscope does not contain a hole, but it is made by a continuous film
over its SiO, substrate layer. Moreover, sample preparation by etching instead of
conventional ion milling, can assures no undesired heating of the sample above the
crystallization temperature, which could produce some pre-existing crystalline grains,
therefore altering the kinetics of crystallization.

In situ TEM analyses have been performed using a JEOL 2010 TEM operating at 200 kV, with
a sample holder equipped with a furnace around the specimen and a thermocouple. A
magnification of 10000x was used for all the experiments. Since it has been shown the
crystallization can be affected by the electron beam (Kooi et al., 2004), the beam has been
switched off during annealing and fresh areas have been analysed, for each time step, in
order to have a good statistical evaluation of the grain density and size. The transformation
has been followed in the range of temperatures 130-143 °C.

Figure 9 (a) and (b) shows a TEM micrograph obtained for undoped GST after annealing at
135 °C for 50 min and 66 min, respectively. Grains appear as dark or bright circular regions
and can be observed during the incubation regime (a), and after the onset of steady state
nucleation (b). Grains with minimum detectable size of 7 nm are detected up to the complete
crystallization, indicating that no saturation of nucleation sites occurs.

Figure 10 (a), (b), and (c) show the grain size distributions (GSDs) of samples annealed for
various times, at 130 °C, 135°C and 140°C, respectively. GSDs have been obtained by
assigning at each grain with surface area A an average radius r = \/(A/ﬂ), and by plotting, as
a function of r, the density dN of crystalline grains with radius in the size interval (r, r+dr),
divided by dr. Figure 10 shows that all of the measured distributions smoothly decrease as a
function of grain radius. At low grain size the distributions tend to reach the same value,
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independent on time. This value indicates the establishment of steady state nucleation
condition at the lowest grain radii. Moreover, the largest detected grain size increases with
time, following a linear law.

¥

Fig. 9. TEM image of undoped amorphous GST after anneling at 135°C for 50 min (a) and 66
min (b).

From TEM images acquired at different annealing time, for several analyzed temperatures,
it is possible to evaluate the evolution of the grain density ad the grain size distribution.

L DL LIS LA AL LR

15 ® S0min ® 2] min
A0 ®comn 3 E ¢ Umn 3
§ i 135°C 1t -
g | [ C 140 °C

104 3 El3 E
s 3 od*telt -
- (b) FE e ve ]
10 MENE AN I ST | ErA VIS B Lo b e L\ AL e
20 30 40 30 60 20 30 40 50 20 30 40 50 60
radius (nm) radius (nm) radius (om)

Fig. 10. Grain size distributions in undoped amorphous GST obtained after anneling at
130° C (a), 135°C (b) and 140°C (c). The distribution for each annealing temperature, have
been obtained at different annealing time. Solid lines are fit to data.

According to a well known approach based on the capillarity approximation, the growth or
shrinkage of a cluster is due to the attachment or detachment of atoms at the interface
between the two phases. Assuming the transition is limited by the reaction at the interface,
the net growth rate of individual nuclei can be approximated to (Turnbull &. Fisher, 1949):

o(r) = a f Ao /(KT) (1-r'/r) ®)

where r* = 2 a y/Ag, is the critical radius, a is the lattice parameter, y is the surface free
energy at the interface, Ag, is the free energy difference between the two phases per atom, f
= foexp[E; /(KT)] is the thermally activated atomic jump frequency, and E; is the activation
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energy for the atomic motion responsible for the single elementary crystallization step.
Therefore, for grain size much larger than r%, v(r) tends to vy = a f Ag, /(KT).

The nucleation process at any time t for a given cluster size i can be in general described
considering the nucleation rate J;; of clusters with size larger than i.

It can be shown that the steady-state value of the nucleation rate (Becker & Doring, 1935) is:

Jss=Na O f [A go/ (6 nKT i* )] 12 exp[ -AG" / (KT)] 4)

where N, is the atomic density and O = 47 [3/(47)]?3 i* %3 is the number of atoms at the
surface of a critical nucleus. Following this description, the steady-state nucleation rate Js
exhibits an activated temperature dependence with an activation energy E,=E; + AG".

The steady-state condition does not exist from the beginning of the transformation but it is
established after a transient period during which the nucleation rate depends on size and
time. All the data acquired from in situ TEM analyses as a function of annealing time and
temperature, i.e. the grain size distributions, the transformed fraction and the grain density,
have been simultaneously fitted following the model proposed by (Shneidman, 1987, 1988,
1991), as described in detail in (Privitera et al., 2007a). Four main parameters are used for
the fitting procedure, the nucleation rate, the growth rate, the incubation time and the
transient time t, representing the time spent by the growing cluster in the critical region.
Results of fitting have been shown in fig. 10 as solid lines.

The main parameters determined by fitting, i.e. the nucleation rate and the growth velocity,
exhibit an activated temperature dependence, with activation energy of 2.6 eV and 2.3 eV,
respectively (Privitera et al., 2007a).

In the classical theory of nucleation, the difference between the activation energy for the
nucleation rate and that for the growth velocity is equal to the barrier energy for the
nucleation AG", which corresponds to the energy necessary for the nucleation of a critical
nucleus. Following this description, the value of AG" here determined is less than 1eV and
can be explained by considering the effect of heterogeneous nucleation. In this case, the
model is also valid, provided that the atomic density N, is replaced by the density of
nucleation sites and the barrier energy AG" is reduced according to the lower surface energy
term. Indeed, it has been observed that the nucleation of the metastable fcc phase is
dependent on the substrate type and different activation energies have been found for
GesSbyTes over different substrates (Ohshima, 1996, Friedrich et al., 2000). To clarify this
point in-situ isothermal annealing experiments of cross-sectional scanning-TEM (STEM)
specimens of GST have been also performed (Lombardo et al. 2010). This analysis has shown
the formation of crystalline grains preferentially occurs near the upper free interface,
subsequently followed by the nucleation of crystal grain also at the GST / SiO; interface.

By fitting the experimental data the pre-exponential terms can be also determined. Estimates
of these can be done according to Egs. (3) and (4) considering that f; is of the order of 1013 s,
the lattice parameter a and the GST density N, are known, and the critical radius r* can be
evaluated as the product of the measured v, at large sizes, multiplied by the transient time 7.
Exponential factors for [, v, obtained from best fit to data, however, result anomalously
different from the above estimates. In order to reproduce the experimental value of v, the
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calculated value from Eq (3) should be multiplied by an adimensional factor equal to = 7 x
1013. For the steady-state nucleation rate J;; we have to consider an additional factor equal to
0.3 which, however, is reasonably explained by the evidence of heterogeneous nucleation.
So, data can be well explained by employing the classical model of grain growth and
nucleation based on capillarity, provided that we consistently assume an anomalously large
(= 104 times) factor multiplying the frequency of crystallization jumps.

This result has been extensively explained in (Privitera et al., 2007a) by considering the effect
of maximum entropy production rate, based on the large disorder of the fcc crystal structure.
The role of entropy in the grain growth during first order phase transformations has been
put in clear evidence in literature (Hill, 1990), for example driving the transition from planar
to dendritic growth. It is reasonable to expect that in our case the entropy production rate
is extremely large. In fact, it has been shown that the fcc structure of GST is a combination
of two fcc lattices, one made of Te atoms and a second made of Ge, Sb, and vacancies, in
the ratio 2:2:1 (Yamada et al., 1991). The Ge:Sb:vacancy fcc sublattice is randomly occupied
by the three species. Kolobov et al. (Kolobov et al., 2004) have proposed a crystalline
structure made by short-range ordered building blocks that may rotate by 90 degrees in
an arbitrary direction, giving rise to a random distribution of Ge, Sb and vacancies on a
long-range scale. Based on the type of bonding experimentally observed by EXAFS in
amorphous and fcc phases, they have also proposed that the amorphous to fcc transition is
likely due to an atomic flip of the Ge, which jumps from sp3 tetrahedral bonds with four
Te atoms, to an octahedral configuration, again surrounded by Te first neighbors (eight)
but with bonds of a prevalent p character. Kolobov proposes that the memory principle is
based on this Ge flipping effect (from tetrahedral to octahedral). Since it involves at the
ultimate level a single Ge atom and its immediate neighbors, this mechanism does possess
a very large potential for memory scaling. However, this only effect, cannot explain the
observed high transition rate, coupled with the high activation energy. What we have
proposed is that the anomalous pre-exponential factors experimentally observed can be
explained in terms of Ge flipping, but taking into account also the large configuration
entropy of the fcc crystal.

Indeed, as a consequence of a Ge flip, it follows that the number of atoms crystallized in a
single flip event is much larger than one. Referring to Fig. 5 in (Kolobov et al., 2004) this is at
least equal to 6 Te atoms plus their first neighbors Ge, Sb, or vacancy. These amount to a
total of about 18 atoms and vacancies crystallized for a single Ge flip. The Ge:Sb:vacancy fcc
sublattice contains 11 positions, randomly occupied either by Sb atoms or by vacancies.
Therefore it has a large number of different possible configurations. A rough estimate can be
done considering that we have 11 allowed positions that can be occupied by either a
vacancy or a Sb atom, each one with 4 different possible positions (Kolobov et al., 2004).
This means that the total number of possible configurations is of the order of 811~ 8.6 x 10°.

So, according to (Hill, 1990) that has shown that the entropy generation rate is proportional
to the growth velocity and that the growth mode in a phase transition follows the criterion
of maximum entropy generation rate, the effective frequency of crystallization jumps should
be multiplied by the factor 18 x 811 ~ 1.5 x 1011, taking into account for the number of
crystallized atoms per Ge flip (= 18) and for the configuration entropy term (=811).
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This estimate does not reach the experimentally found factor (1.5 x 101! against 7 x 1013) but
it represents a lower limit, found assuming one single Ge flip, no effect of Sb, and that no
other Ge neighbor is in the fcc crystal phase. If we consider the configuration entropy
contribution due to the presence of the pre-existing amorphous / crystal interface, the
estimate of the pre-exponential factor would be larger, so we believe that the estimate
presented, strictly based on a single Ge flip, is satisfactorily close to the experimental result.

The discussion here presented can be considered a starting point, from which it is clearly
necessary to further investigate and find other evidences in favor. In agreement with the
proposed description, it has been observed that the crystallization speed is increased in
GeTe-SbyTe; compounds by partially replacing Sb atoms with Bi atoms (Matsunaga &
Yamada, 2004), or when a proportion of Ge is replaced by Sn (Kojima & Yamada, 2001).
Since both Sn and Bi occupy the same (4b) position as Ge and Sb in the fcc lattice (Matsunaga
& Yamada, 2004), their presence definitely increases the number of possible configurations
and therefore the entropy factor in the growth velocity.

Recently, the disorder of phase change materials has been also taken into account to explain
metal-semiconductor transitions occurring in crystalline phase change GeSbTe alloy
(Siegrist et al., 2011). The strong disorder, usually associated only with amorphous solids,
seems to be at the origin of the remarkable reproducibility of the resistance switching
observed in phase change material and strongly suggests that the disorder could be one of
the key ingredient that makes the physical properties of phase change materials so peculiar.

6. Amorphous to crystal transition in doped films

Once we have studied in detail the crystallization process in undoped materials, we have
investigated the effect of doping with light atom on the amorphous-to-crystal transition. In
order to evidence the modifications due to doping, we have plotted in Fig. 11 the sheet
resistance measured after 12 minutes anneals as a function of annealing temperature.
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Fig. 11. Sheet resistance versus temperature as measured after 12 min isothermal anneals, for
undoped and doped GST with oxygen (crosses), nitrogen (squares and triangles) or fluorine
(circles).
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Samples doped with nitrogen exhibit higher resistance in the amorphous phase and the
crystallization occurs at much higher temperatures than undoped material. A small increase
in the crystallization temperature is also observed by oxygen doping while, on the contrary,
addition of fluorine produces a decrease in the crystallization temperature.

The dependence of the resistance as a function of time during isothermal anneals has been
also studied by in situ resistance measurements using a four point probe. Figure 12 (a) and
(b) shows the sheet resistance vs time as obtained during isothermal treatments at several
annealing temperatures in the range 127-190°C, for undoped GST and for film doped by 6
at.% of fluorine, respectively. Fluorine doped samples are characterized by fast
crystallization.
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Fig. 12. Sheet resistance versus time as measured during anneal at various temperatures in
the range 127-190°C, for undoped (a) and fluorine doped GST (b).

By taking the first derivative of the resistance versus time, the characteristic time for
transition can be measured, as the time at which a minimum in the derivative is observed.
The characteristic time has been then measured for all the studied samples and it has been
used to determine the temperature dependence of the transformation. The activation energy
obtained for undoped Ge;Sb.Tes is around 3 eV. The same value, within experimental
errors, has been also determined for samples with low concentration of nitrogen and
fluorine, as shown in Figure 13, reprinted from (Privitera et al. 2007b). Higher activation
energy has been instead measured in GST doped with 6 at. % of oxygen.



144 lon Implantation

Characteristic times observed in N and O doped samples are up to one order of magnitude
higher than in pure GST, whilst the characteristic times observed in fluorine doped samples
are lower.
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Fig. 13. Activation energy for crystallization in Undoped and Doped GST with O, N, or F.
Reprinted from (Privitera et al., 2007b)

Results from electrical measurements have been related to the kinetics of the transformation
through in situ TEM analyses. Figure 14 shows typical TEM plan view images obtained
during the amorphous-to-fcc transition in different samples annealed at 130°C. Fig. 14 (a)
has been acquired for undoped sample annealed at 130°C for 240 min. A few crystalline
grains embedded in the amorphous matrix are visible as dark or bright regions. Fig. 14 (b)
shows a sample doped by 6 at.% of oxygen, annealed at the same temperature and time of
130°C 240 min. The material is almost completely amorphous and only small crystalline
grains can be detected. Such a result is a confirmation of the observed increase of incubation
and characteristic times observed by electrical measurements, as shown in figures 12 and 13.

Fig. 14. Comparison between TEM image of amorphous GST after anneling at 130°C for 240
min for undoped (a) and oxygen doped GST (6at.%) (b).
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Under annealing at higher temperature, samples doped with oxygen exhibit higher
crystallization rate, compared to undoped GST. Figure 15 (a) and (b) shows TEM images of
samples annealed in situ at 137°C for undoped and 6 at.% oxygen doped GST, respectively.
Figure 15 (a) has been obtained in undoped material after 107 min annealing, while the
image shown in fig. 15 (b) has been acquired on oxygen doped sample after only 70 minutes.
Although annealed for shorter time, doped sample exhibits higher grain density and larger
grain size.

0.2um. %A e AW
Fig. 15. TEM image of undoped amorphous GST after anneling at 137°C for 107 min (a) and
of oxygen doped GST (6at.%) after annealing at 137°C for 70 min (b).

Such a results is in agreement with the higher activation energy obtained in O doped blanket
material (Fig. 13) and in oxygen doped memory cells (Matsuzaki et al., 2005). Moreover,
increase of the crystal grain size has been also reported in 6 at. % oxygen-doped phase change
optical recording disk, improving the overwrite cyclability of the optical recording disk.
Therefore, the increase of activation energy, coupled with the increase of incubation time,
makes oxygen doped GST particularly interesting for cell endurance improvement, without
decreasing the crystallization rate, i.e. without increasing the writing time.

The addition of 1.5 at.% of nitrogen by ion implantation produces strong variations in the
kinetics of the transformation.

Figure 16 (a) and (b) shows the comparison between undoped sample (a) and sample with
1.5 at.% of N (b) after annealing at 140 °C for 75 min and 150 min, respectively. Nitrogen
doped samples exhibit much longer incubation time compared to undoped film: after 150
min the material is still almost completely amorphous and only small crystallites are visible.

Even after annealing at higher temperature, the morphology of nitrogen doped films
appears different from the one observed in undoped materials. As an example, Figure 17
shows a TEM image of a nitrogen doped sample (1.5 at.%) annealed at 150°C for 80 minutes.
The film is crystalline but it is characterized by small crystalline size.

We have already observed in section 5 that the crystallization of undoped GST is
heterogeneous and preferentially occurs near the upper free interface and, secondarily, at
the GST / SiO; interface.
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Fig. 16. TEM image of undoped amorphous GST after anneling at 140°C for 75 min (a) and
of nitrogen doped GST (1.5 at.%) after annealing at 140°C for 150 min (b).

Since the ion implantation can modify the interfaces, causing some intermixing, we have
performed in situ TEM analyses in cross section. Figure 18 (a) and (b) shows the amorphous
GST film doped with 1.5 at.% of N as deposited and after annealing in situ at 150°C for 20
min, respectively. As observed for undoped GST (Lombardo et al., 2010) a continuous
polycrystalline layer is formed. However, in contrast with observation on pure GST, in the
case of nitrogen doping the nucleation has occurred preferentially at the GST/SiO; interface,
with the addition of small dispersed crystalline regions in the amorphous material and at
the upper interface. Therefore doping by ion implantation is also effective in modifying the
nucleation sites at which heterogeneous nucleation preferentially occurs.

Fig. 17. TEM image of a sample doped by 1.5at.%of nitrogen annealed at 150°C for 80 min.
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Fig. 18. Bright field TEM micrographs in cross section of a sample doped by N 1.5 at.% as-
deposited (a), and annealed in situ at 150°C for 20 min (b). The first crystalline formation is
clearly visible at the GST/SiO; interface, with additional crystalline grains nucleated also at
the upper interface.

Therefore it appears clear from the experimental data that, at least in the range of
compositions here investigated, the oxygen or nitrogen doping affects the crystallization
process differently, the first one producing higher crystallization rate and larger grain size,
while N doping gives rise to grain size refinement and longer incubation time.

The increase of the crystallization temperature in oxygen (Jeong et al., 2001) and nitrogen
[Kojima et al., 1998, Jeong et al., 2000) doped GST has been already reported in literature,
as well as the reduction of the grain size in samples containing nitrogen. Several models
have been proposed (Jeong et al., 2001, Jeong et al., 2000) trying to simultaneously
explaining the effect of both O and N in order to find the optimal dopant to engineer
specific properties of GST.

First, it has been observed that the reduced grain size could be caused by dopant
segregation near grain boundaries in the form of nitrides (Kojima et al., 1998). The resistance
of the crystalline phase would increase due to additional electron scattering from grain
boundaries (Horii et al., 2003). We cannot exclude, in the samples with 10 at.% of N, the
formation of very thin nitrides layers at grain boundaries, which are probably responsible
for the increased resistivity of the crystalline phase and for the smoothing of the shape of the
resistance versus temperature shown in Fig. 11.

Regarding oxygen doping, the formation of Ge or Sb oxides has been reported for
concentrations above 10 at.% (Jang et al., 2009, Morales-Sanchez et al., 2006). For lower
concentration, as in the samples we have studied, no oxidation seems to occur. It has been
therefore proposed that oxygen atoms, as well as nitrogen atoms at low concentration, are
located at the tetrahedral interstitial sites (Jeong et al., 2000). Indeed, since nitrogen and
oxygen have quite small atomic sizes compared to that of Ge, Sb and Te, they cannot
substitute these atoms, filling the vacancies which are present in the structure. Therefore
their effect is expected to be very different from the one observed in the case of Bi or Sn,
(Matsunaga & Yamada, 2004), which substituting in the Ge:Sb:vacancy lattice, can increase
the number of possible configurations and therefore the growth velocity. N or O atoms will
be instead located at the tetrahedral interstitial sites distorting the unit cell and resulting in a
strain field (Jeong et al., 2000). Since nitrogen has a larger atomic radius (0.071 nm) (Lide,
2004), compared to oxygen (0.066 nm) (Lide, 2004), a larger amount of strain is expected to
accommodate nitrogen atoms in the structure.

Another factor to be taken into account together with the stress is the chemical bond
between Ge and Te and its modifications due to the presence of nitrogen, or other dopants.
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The main crystallization mechanism has been identified as an atomic flip of the Ge, which
jumps from tetrahedral bonds with 4 Te atoms, to an octahedral configuration, surrounded
by 8 Te first neighbors. Xray photoemission spectroscopy (XPS) analyses by employing
synchrotron radiation have shown that when a GST film is crystallized in the fcc structure,
the intensity of Germanium in tetrahedral position is decreased while the intensity of Ge
octahedral is increased owing to the umbrella-flip change in Ge atoms from the tetrahedral
to the octahedral position (Kolobov et al., 2004).

Both experimental data (Kim et al., 2007, Jung et al., 2007) and atomic ab initio calculations
(Cho et al., 2011) performed on nitrogen doped GST have shown that the N atoms are
prevalently bonded with the Ge atoms to form GeNj, rather than bonding with the Te or Sb
atoms. Moreover, data of Ref. (Kim et al., 2007) show that the formation of Ge-N bonds can
disturb the umbrella-flip of Ge atoms between the tetrahedral and octahedral positions
because, as nitrogen is incorporated into the GST film, the intensity of the peak relative to
Germanium in the octahedral position is decreased, since nitrogen combines with Ge to
form germanium nitrides. By reducing the portion of the peak of Ge octahedral nitrogen is
therefore effective in suppressing the crystallization.

A similar behavior is expected also for oxygen atoms, with the formation of Ge-O bonds.
However, nitrogen can form three bonds while oxygen only two. Moreover, N dopants
increase the portion of tetrahedral Ge atoms, while, on the base of calculations reported in
(Cho et al., 2011), O doped GST seems to be more similar to undoped material, without
favoring tetrahedral sites respect to octahedral Ge atoms. This could explain the lower
increase in the energy gap observed in the case of oxygen (Fig. 8).

Considering the heterogeneous character of the transformation, the proposed assumption
that oxygen and a small amount of germanium oxide could act as nucleation centers during
crystallization, increasing the crystallization rate (Morales-Sanchez et al., 2006) could be a
good explanation.

The decrease of crystallization temperature observed for fluorine doping remains to be
better investigated. It has been reported that amorphous GST can have fast crystallization
under compressive stress. So the effect of F could be explained with the introduction of
compressive stress in the amorphous material. More extensive studies however are needed
to map out the relationship between the chemical nature of dopants and the induced
modifications in the phase change structure, in order to better identify the optimal dopant in
order to achieve the desired properties.

7. Conclusions

In this chapter we reviewed some applications of ion beam to the study of the physical
properties of Ge;SboTes, the phase change material most widely employed for application as
nonvolatile memories. Phase change memories are one of the most promising solutions as
replacement of current FLASH technology, based on charge storage, but some material
properties need to be optimized. We have shown that ion implantation can be successfully
employed to modify the properties of the amorphous phase change material, obtaining
conduction properties very similar to those of melt-quenched amorphous material, formed
by electric pulses or laser in memory cells.
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Ion implantation can be also adopted for doping of phase change materials, modifying the
amorphous-to-crystal transition kinetics, upon which the reliability definitely depends. The
crystallization is a fast process occurring at very low temperature, compared to other solid
materials. The explanation of such a fast transition has been found in the peculiar structure
of the fcc phase which contains a large amount of disorder and whose formation is driven by
flips of Ge atoms. By nitrogen implantation it is possible to increase the crystallization
temperature and the crystalline resistance improving the cell endurance, reducing the
RESET current and enabling the use of PCM also for high temperature applications, such as
automotive. The formation of Ge-N bonds has been identified as the main effect
determining the increase of crystallization temperature, the increase of the band gap in the
amorphous material and the reduction of crystalline grain size.

By oxygen implantation, a moderate increase of crystallization temperature has been
obtained, maintaining short crystallization time, thanks to the increased activation energy.
Decrease of crystallization temperature has been instead obtained by fluorine doping. The
way these doping acts is still not well understood and more extensive studies are required
to relate the chemical nature of dopants belonging to different groups in the periodic table to
the induced modifications in the phase change structure, in order to optimize the dopant
specie on the base of the desired properties.
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1. Introduction

In the next two decades, nanoscience and nanotechnologies will transfer into new products
and processes. One emerging area where this challenge will be successfully met is the field
of semiconductor nanocrystals (NCs) (see, for instance, Norris et al., 2008). The promises
offered by dielectric layers with hosted semiconductor nanocrystals in applications
include production of silicon-based light emitting systems (lacona et al., 2006),
wavelength-tunable lasers (Klimov et al., 2007), memory elements (Hu et al., 2009), solar
cells (Gur et al., 2008), low-dimensional devices (for instance, single electron transistors
operating at room temperature (Zhou et al, 2010)), and a wide spectrum of
biotechnologies (for instance, bioimaging (Michalet et al., 2005)). The prospects for
developing new electronic and optoelectronic devices on the basis of spatially ordered
arrays of quantum dots (QDs) embedded in a semiconductor or insulator matrix have
arouse currently growing interest in the production methods of such arrays and in the
studies of their optical and electronic properties.

The idea to use non-overlapping tracks of high-energy (E = 1 MeV/amu) heavy ions for
production of nanocrystalline (NC) systems is becoming increasingly attractive among the
various methods for fabrication of nanodimensional structures (nanolithography, molecular
nanoelectronics, organic nanostructures, etc.) (Fink et al., 2007; Rizza et al., 2009). Beams of
heavy fast ions can be efficiently used not only for formation, but also for modification, of
nanodimensional structures, in particular, metallic nanoclusters (Klaumunzer, 2006;
D’Orleans et al., 2003). Avasthi et al. (Avasthi et al., 2010) have summarized experimental
data on the formation of elongated metal nanoparticles, and suggested a model for the
interaction of fast ions with such nanoparticles dependently on nanoparticle sizes. Studies
of the effect of high-energy ion irradiation on the formation of semiconductor (silicon or
germanium) nanoclusters have also appeared recently (Chaudhari et al., 2003; 2005;
Arnoldbik et al., 2005). It was shown that, as a consequence of the high density of
ionization energy losses in the material, silicon nanoinclusions could be formed in SiOy
layers without any additional thermal treatment given to the samples. Studies of the effect
of high-energy ion irradiation on SiO, layers containing Si nanocrystals or an excess
concentration of dissolved silicon (Si:SiO; layers) have made it possible to propose a new
approach to formation of vertically ordered NC arrays (Antonova et al., 2008 a; 2009 a;
2009 b; 2010 a; 2010 b).
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In the present review, we demonstrate the possibility of using irradiation of samples with
high-energy gas ions (Kr, Xe, and Bi) for introduction and modification of Si nanocrystals in
Si:SiO; and NC:SiO; layers, and also for formation of ordered arrays of Si nanocrystals
embedded in a SiO, matrix. Due to the small size of nanocrystals synthesized in our samples
(typically, < 6 - 8 nm), in describing our results we will also use an alternative term
‘quantum dots’. We will analyze the changes in the optical and electronic properties of NC
systems and discuss possible applications of such systems. It should be emphasized here
that a special feature of used irradiation, in contrast to conventional ion implantation, is
huge ion-energy losses in the bulk of Si:SiO; layers and simultaneous creation of a relatively
low defect concentration in such layers (Antonova et al., 2006a; Toulemonde et al., 2000;
Meftah et al., 1997). The factor causing a low defect concentration in examined irradiated
layers is the small thickness of those layers, which is normally much smaller than the
projected ion range. Hence, while in practice defects are introduced in the substrate of film
systems, the energy is mainly dissipated in the top Si:S5iO; layer. The latter circumstance has
allowed us to separate out the positive effect of ion irradiation (the huge energy losses in ion
tracks) from the negative effect (defect formation).

2. Sample preparation and ion irradiation conditions
2.1 Nanocrystals in SiO; layers with varied concentration of excess Si

The Si:SiO; layers of thickness 400-1000 nm used in our study were sputtered from Si and
SiO; sources onto silicon substrates. In the experimental arrangement used, the SiO, and Si
sources were spaced ~100 mm apart. The large distance between the sources provided a
possibility to form layers with varied concentration of excess silicon in the oxide. After
annealing of samples and formation of nanocrystals, we could obtain layers with
concentration and sizes of NCs varied in the lateral plane. That gave us an interesting
opportunity to examine the properties of formed Si:SiO, layers as dependent on NC
concentration and sizes. The excess Si content of the silicon-rich oxide layers ranged from 4
to 94 vol.%. The composition of deposited layers was estimated from the thickness of Si and
SiO; layers obtained by individual deposition of films from the Si and SiO, sources onto
different substrates (Shamin et al., 2010). Subsequent high-temperature annealing (at 1140°C
for 40 min) used for part of samples resulted in the formation of silicon oxide layers containing
Si nanocrystals (NC:SiO; layers), whose sizes only slightly depended on layer composition and
whose concentration increased with coordinate along the sample by several orders of
magnitude (Sa’ar et al., 2005; Antonova et al., 2006b). Experimental results are presented below
as a function of excess Si concentration. This parameter is used to characterize the composition
of our Si:SiO; layers since its value was inherently defined by the evaporation procedure,
whereas other parameters, such as NC concentration and sizes, were complicated functions of
layer composition, and also of thermal treatments given to the samples.

2.2 High-energy ion irradiation: Specific features

For irradiation of Si:S5iO; and NC:SiO; layers obtained as described above, Kr, Xe, or Bi ions
respectively with energies 90, 130-250, and 65 - 670 MeV were used. The ion fluences ranged
from 3x10™ to 3x10%3 cm-2. The irradiations of our samples were performed with the use of
accelerators available in the Laboratory of Nuclear Reactions, Joint Institute for Nuclear
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Research, Dubna. For the ion energies used, the ion penetration range was 15-23 pm (see
Table 1); i.e. it was substantially larger than the thickness of silicon-rich oxide layers. This
means that almost all ions penetrated into the substrate, and the defects generated in elastic
scattering channels were also predominantly introduced in the substrate, whereas
prevailing energy losses in the layers were the electron stopping losses.

With reference to SRIM data, the electron stopping losses due to ionization dE./dx in the
oxide layers were expected to vary from 7.1 (Kr), 10.2 (Xe), and 22.0 keV/nm (Bi) for the
SiO; end of the sample to 9.5 (Kr), 12.3 (Xe), and 24.3 keV/nm (Bi) for its Si end. The
ionization losses of ion energy lead to ionization of atoms in the material under irradiation.
In a time interval of 103 - 10-12 s the excitation energy was transferred into anisotropic
heating of the oxide layers due to thermalization process. Using the value of ionization
losses, the dependence of ion-track sizes in a-SiO. on ion energy, and the thermal spike
model of (Toulemonde et al., 2000; Meftah et al., 1997), we could estimate the width of ion
tracks in our samples, which turned out to be about 4-6 nm. Results for the time evolution of
temperature inside ion tracks calculated by TSRIKE-02 software (Toulemonde et al., 2000)
are shown in Fig.la. TSPIKE-02 simulates the electron-lattice interaction (transfer of the
ionization losses of ions into the heating of the target lattice). The variable parameter of the
ion-lattice interaction is the radius of the shells surrounding individual ion trajectories in
which the main portion of ion energy is lost for ionization. As it follows from Fig.1a (see also
Fig.15 a), the local transient temperature in ion track cores in our experiments could reach
1700 - 2500°C, the ion-track heating time being about 10-11 - 10-10 s. It means that almost all
inter-atomic bonds along ion tracks could be broken to free the atoms and make them
capable of displacing from their regular lattice sites. As a result, new bonds could readily
form in the material, this process leading to subsequent amorphization or crystallization of
part of previously existing Si nanoparticles as well as to the formation of new NCs in the
oxide layer along ion tracks.

One more effect that was taken into consideration for materials subjected to the irradiation
with high-energy ions (see also Section 6) is ion-beam-induced anisotropic plastic
deformations (Van Dillen et al., 2004; 2005). The strain anisotropy is imposed by the
direction of the ion beam: normally, the material expands in the direction normal to the ion
beam and contracts parallel to it, while maintaining their volume. According to the
developed model, the strain € (determined as the relative change of lattice constant) versus
time goes through a maximum and then reaches a constant value. The anisotropic strain
rises with ion energy and fluence. It should be emphasized here that up to fluences 1012 cm2
the ion tracks in the material were independent of each other, whereas at higher fluences
they can become overlapping.

The ionization losses of the ions and the anisotropic heating of the material are higher in
Si in comparison with SiO». The anisotropic deformations found in amorphous silicon are
typically 1.5 orders of magnitude lower than the anisotropic deformations in SiO, (Van
Dillen et al., 2005; Meftah et al., 1997). This means that the anisotropic strain and the
anisotropic heating should demonstrate considerable changes with increasing
concentration of Si nanocrystals embedded in the SiO; layer. In the case of variable NC
concentration we have to expect a strong anisotropic-strain effect for SiO; layers with low
Si-phase content and a more pronounced anisotropic heating effect for SiO, layers with
high excess Si phase content.
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Sample,

Annealing

Ion

Rpin Sj,

; . Fluence, AEJ/Ax, | Annealing after
thickness of | regime before | energy, om?2 mm | /nm irradiation
5iOx layer, nm| irradiation MeV
NC-10, 700 |11400°C, 40 min
NC-11, 700 |1140°C, 40 min| Kr, 90 1x1012 16 7.1
NC-11a, 700 | 1140°C, 40 min | Kz, 90 1x1012 16 7.1 800°C, 20 min
NC-20, 1000 | 1140°C, 40 min
NC-21, 1000 | 1140°C, 40 min | Kr, 90 1x1012 16 7.1 -
NC-22, 1000 - Xe, 130 1x1012 17 10.2 11400C, 40 min
NC-23, 1000 | 1140°C, 40 min | Xe, 130 1x1012 17 10.2
NC-23a,1000|1140°C, 40 min | Xe, 130 1x1012 17 10.2 800°C, 20 min
NC-24,1000 | 1140°C, 40 min | Xe, 130 1x1013 17 10.2 800°C, 20 min
NC-30, 400 |11400°C, 40 min
NC-31, 400 |1140°C, 40 min| Kr, 250 1x1012 33.1 10.2
NC-31a, 400 | 1140°C, 40 min | Kz, 250 1x1012 33.1 10.2 8000C, 20 min
NC-32,400 |1140°C, 40 min| Kz, 250 2x1013 33.1 10.2
NC-32a, 400 | 1140°C, 40 min | Kz, 250 2x1013 33.1 10.2 800°C, 20 min
NC-33,400 |1140°C, 40 min| Bi, 65 1x1012 10 8.9 800°C, 20 min
NC-34, 400 |1140°C, 40 min| Bi, 130 1x1012 16 13.2 800°C, 20 min
NC-35, 400 |1140°C, 40 min| Bi, 670 3x1011 43 18.0 800°C, 20 min
NC-36,400 |1140°C, 40 min| Bi, 670 1x1012 43 18.0 800°C, 20 min
NC-37,400 |1140°C, 40 min| Bi, 670 8x1012 43 18.0 800°C, 20 min
NC-38, 400 |1140°C, 40 min| Bi, 670 3x1013 43 18.0 800°C, 20 min

Table 1. Parameters of structures used, and annealing and irradiation regimes. R}, is the
projected ion range in Si calculated by SRIM. AE./Ax values are the ionization losses of the

ions in SiOs.
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Fig. 1. Simulated evolution of temperature in time in a-SiO, (quartz) samples for increasing
radial distances from the ion track axis. The simulations were performed using the TSPIKE-
02 software (Toulemonde et al., 2000). For times shorter than 10-13 sec the temperature

should be considered as quasi-temperature.
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3. Structural modification of Si nanocrystals embedded in SiO, matrix
3.1 Ordered nanocrystal arrays in ion-modified layers

In the initial (non-irradiated) layers, the spherically shaped Si nanocrystals were distributed
randomly over the insulator matrix; the NC spheres were 3-5 nm in diameter for excess Si
contents of Si:5i0O, layers 40-70 vol.%, with the atomic planes in the nanocrystals having
random orientation. After ion irradiation with ionization losses over 6 keV/nm, in the oxide
layers with a relatively high excess Si content (above 35%) vertically ordered NC arrays
were formed along ion tracks (Fig.2) (Antonova et al., 2009 a; 2009 b). The morphology of
NCs has also changed: the nanocrystals became extended along the ion tracks. As shown in
Fig. 2 b, this effect is accompanied by another effect: the atomic planes in the formed NCs
were aligned in the direction along ion tracks, with deviation # 20°. It should be emphasized
here that no other method of forming Si NCs allows production of vertically ordered arrays
of nanocrystals with identically oriented atomic planes.

The TEM images presented in Fig.2 were obtained for samples NC-11 and NC-21 irradiated
with 90 MeV Kr ions; the excess Si content of the oxide layer in those samples was 37-45%.
The Kr ion had a minimal mass and a relatively low energy. We believe that in the case of
using for irradiation heavier ions with a higher energy such effects will become essentially
more pronounced.

In irradiated Si:SiO, structures which initially contained no NCs (sample NC-22),
introduction of Si nanocrystals with a similar spatial and size distribution was revealed after
additional high-temperature thermal treatments given to the samples.

Fig. 2. Cross-sectional TEM and HRTEM images of NC:SiO; layers in samples NC-21
irradiated with 90 MeV Kr ions to a fluence of 1012 cm2. The Si phase contents of the
samples were about 37 (a) and 73 vol.% (b). The arrows show the direction of ion tracks.
Note that in the irradiated sample (b) the atomic planes inside nanocrystallites are aligned
along ion tracks (with deviation + 200).

3.2 Amorphization and crystallization processes studied by Raman spectroscopy

Figure 3 a, b compares Raman spectra taken from initial and irradiated samples in areas
with two different Si-content values, 51% and 62% (Antonova et al., 2009 a; 2010 a). The
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Raman line due to the single-crystal Si substrate is detected at 521 cm-1. After the samples
were irradiated with Kr or Biions, the amorphous 480 cm line has increased significantly.
In the case of Bi irradiation, an NC-related line at 500-520 cm! was also observed in the
spectra. To demonstrate this effect, we have plotted in Fig. 2a the difference between the
spectrum of a sample irradiated with Bi ions and the spectrum of the same sample before
irradiation. An NC-related peak at 500-520 cm-! is also observed in the differential spectrum;
this fact points to the formation of new NCs in samples subjected to irradiation. An increase
in the irradiation dose (> 1012 cm2) and a decrease in ion energy and/or ion mass lead to
domination of the amorphization process. Raman measurements performed on samples
with higher Si contents (> 70 vol.%) have shown that, in the latter case, only amorphization
of Si NCs was observed. Following an additional anneal at 800°C for 20 min, no substantial
changes were observed in the Raman spectra.

It was found that irradiation of Si:SiO» structures that initially contained no previously
formed NCs also brought about the formation of new Si nanocrystals in the course of
irradiation. This effect was observed practically for all ions used in the present study. In this
case, the formation of new nanocrystals also prevails at relatively low Si contents of Si:SiO»
layers (below 50-60%), whereas the formation of amorphous inclusions prevails at higher Si
contents. An increase in irradiation dose (over 1012 cm-2) and a decrease in the specific
ionization losses of the ions yield a net increase in the amount of optically active
nanocrystals available in the samples (Antonova et al., 2010 b).

3.3 Evolution of NC sizes under ion irradiation

It was also shown that a study of Si NCs by means of charge deep-level transient
spectroscopy (Q-DLTS) makes it possible to observe the capture of charge carriers by, and
their emission from, dimensional quantization levels in NCs located close to the SiO./Si
interface (Antonova et al, 2009 c¢; 2011). The Q-DLTS method was also employed to
investigate into variations of energy barriers involved in the emission process of charge
carriers from NC levels in NC:SiO; layers modified with high-energy ion irradiation.
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Fig. 3. Raman spectra of NC-SiO; layers on Si substrates for initial (non-irradiated) samples
with (a) 51% and (b) 62% of the Si phase and for samples irradiated with Kr (NC-32) and Bi
ions (NC-36). In order to demonstrate the added intensity around the "amorphous" 480 cm-!
line and the NC-related 500-520 cm-! line due to Bi* irradiation, in the insert to the figure we
have plotted the difference between the spectra measured after and before the irradiation of
the sample with 670 MeV Bi* ions (NC-30 and NC-36).
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Samples NC-36 and NC-37 to be discussed in the present section were irradiated with Bi
ions of about 670 MeV energy (the projected ion range 43 nm) to fluences in the range 1012 -
1013 cm-2. Those ions, having a maximal mass and energy, were expected to provide the
most significant effect on Si NCs. The specific ionization losses of 670 MeV Bi ions in the
SiO; layers were 24 keV/nm, which value far exceeded the threshold ionization energy (~2
keV/nm) required for the formation of latent tracks in SiO, (Toulemonde et al., 2000). Prior
to performing Q-DLTS measurements, the radiation defects introduced in the substrate were
removed from it giving the samples an additional anneal at 800°C during 20 min.

As a rule, Q-DLTS spectra of non-irradiated and irradiated samples involved a single peak.
In the temperature range 80 to 300 K, this peak features two slopes in the Arrhenius
dependence (Fig. 4a). The activation energies determined from the measurements made at
several points on a sample with different compositions of the NC:SiO; layer are listed in
Table 2. A hypothesis was put forward that the levels detected by Q-DLTS in the NC:SiO»
layers were quantum confinement levels in Si nanocrystals. In the latter case, the energy
interval between the levels could be expected to be dependent on NC sizes. Assuming
that AE; = En=2-En-1 (here, En—2 and E,-1 are the energies of the first excited and ground
state of an electron in the quantum dot), we were able to evaluate the typical NC size
value W from the theoretical relation between E,, and W. Starting with the effective mass
approximation (Moskalenko et al., 2007), we have obtained, from the theoretically
estimated values of AE;, the W values given in the last column of Table 2. Trying then to
approximate the dependence E,(W) with the simpler well-known expression (see, for

example, Gaponenko, 1998),
hz 72'2 2
E =—-|—|-n%, 1
() 0

where E, is the energy of the n-th confined level and m is the electron effective mass in
crystalline Si (0.26 in units of the free electron mass), we have obtained W values given in
the last column of the table as bracketed values. We see that the estimated values of W fall
into the 3-6 nm range for the reference (non-irradiated) sample NC-30. These values of W
show a good correlation with TEM data. Q-DLTS measurements yield practically identical
sets of levels for various points measured along samples, this finding being in turn
indicative of an identical set of NC sizes. As it follows from Table 2, the irradiation brings
about a decrease of NC sizes. A further decrease in NC sizes was observed in samples
irradiated to higher fluences. In the latter case, formation of smaller Si nanocrystals might
proceed due to three different reasons. The first reason is the formation of new small Si
nanocrystals in the samples under irradiation. The second reason is possible decrease in the
sizes of already existing NCs, which could be a result, for instance, of oxidation of the
nanocrystals. It should be noted here that dissolution of metallic nanoinclusions (in
particular, Au inclusions) in samples irradiated with high-energy ions was observed by
Rizza et al. (Rizza et al., 2007 a; 2007 b). The third reason, operating in a situation in which
the shape of NCs could be altered by ion irradiation from spherical to ellipsoidal one,
extended along ion tracks, is that the energies of quantum confinement levels were
primarily defined by the smallest NC size. In the latter case, a decrease in NC sizes could be
indicative of an elongation of nanocrystals and of a decrease of their effective diameter.
Photoluminescence (PL) measurements performed on the same structures yields for the blue
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shift of the NC-related PL peaks observed in the spectrum (see Section 4.1) a value
consistent with the decrease of NC sizes as estimated from Q-DLTS data.

Figure 4 b shows the density of deep traps detected by Q-DLTS as a function of the
composition of the NC:SiO, layer. It is seen that, as a result of ion irradiation, the trap
density has decreased by approximately one order of magnitude. The decrease in the
density of nanocrystals detected by the Q-DLTS method in irradiated samples in
comparison with pristine samples NC-30 correlates with the formation of conducting NC
chains in ion tracks, which phenomenon will be discussed in more detail below. Only
isolated Si nanocrystals located in the outside region of conducting chains and being
therefore able to retain charge made a contribution to the Q-DLTS signal.
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Fig. 4. (a) Arrhenius plots for Q-DLTS peaks measured in regions with different Si-phase
contents along the initial (non-irradiated) sample NC-30 and along the sample NC-37,
whose NC:SiO; layer was modified by irradiation of the sample with Bi ions. (b) The sheet
concentration (density) of traps in the NC:SiO, layers versus the Si-phase content of these
layers for three sets of samples, NC-30, NC-36 and NC-37.

A schematic energy diagram of a nanocrystal embedded within a SiO, matrix in a vicinity of
the substrate is shown in Fig.5 for the regime of capture of charge carriers by NCs during Q-
DLTS filling pulse (a) and for the regime in which the emission process is observed (b). A
higher energy position of dimensional-quantization levels in the nanocrystal in comparison
with the edge of the conduction band of silicon and an additional increase in the energy of
the levels by the energy of NC charging with electrons suggest that, here, direct tunneling of
NC-emitted charge carriers into the Si substrate is possible. The observation of NC-related
levels by the Q-DLTS method and the evaluation of the activation energies related to the
emission of charge carriers from NCs into substrate show that the emission process could
proceed due to a combination of thermal activation and tunneling processes. The latter is
possible if the emission of charge carriers proceeds via some intermediate level E* available
at the NC/SiO; interface. In such a situation, the activation energies experimentally
determined from the treated Q-DLTS spectra present the energy differences E* - E;. The
presence of an intermediate level E* at the NC/SiO, interface was often postulated in
interpretation of NC-related photoluminescence (e.g. Godefroo et al., 2006). The fact that the
activation energy for the emission of charge carriers from NCs proved to be practically
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invariable with a strong increase of excess Si content in our samples suggests that the role of
the matrix is not too much important. This suggests that the level E* involved in the
tunneling process was located at the NC/matrix interface rather than at the interface
between the SiO; layer and the Si substrate. Most likely, in real samples Si nanocrystals
embedded within the SiO, matrix are coated with a SiO; shell.

From the position of the Q-DLTS peak in the Q-DLTS spectra, the characteristic time of
emission of charge carriers from NC-related levels could be estimated. Figure 6 shows the
temperature dependences of this time. Comparing the data shown in Fig.5 for the initial and
irradiated samples, we may conclude that the substantial rearrangement in the NC system
having occurred as a result of ion irradiation of the samples had no appreciable effect on the
characteristic times of recharging of individual isolated nanocrystals in the temperature
range from 220 to 300 K; those times amounted to 10-2-10-4 s. On the average, at lower
temperatures the times of emission of charge carriers from NC levels in irradiated samples
proved to be shorter than the same times in pristine structures.

The average values of the activation energies for emission of charge carriers from
nanocrystals in non-irradiated samples were found to be E* - 0.24 and E* - 0.43 eV. After
irradiation with ions to a fluence 102 cm-2, those energies have decreased to E* - 0.13 and
E* - 0.35eV and, as the fluence was further increased, those energies have further decreased
to E* - 0.11 and E* - 0.34 eV. It can be seen from a comparison of the values obtained that
ion irradiation generally leads to a decrease in the activation energies. This decrease also

Samples Si content, vol. % E, eV AE;, eV W, nm
0.30 0.14
16 016 5.6 (3.6)
0.43 0.19
19 024 48(3.1)
NC-30 0.43
38 0.23 0.20 4.7 (3.0)
0.43
81 0.27 0.16 51 (3.3)
0
NC-36 0.35
Bi, 670 MeV, 1x1012 cm-2 89 0.13 0.22 4427)
0.44
82 012 0.32 3.6 (2.3)
NC-37 87 88; 0.34 3.3 (2.0)
Bi, 670 MeV, 8x1012 cm-2 0'33
89 010 0.23 4.3 (2.6)
0.43
92 010 0.33 3.6 (2.2)

Table 2. The energies of deep traps E, as extracted from the Q-DLTS spectra of samples with
different Si contents of the NC:SiO; layer. The AE; values are the energy separations between
the levels E; for a given Si content. Also indicated in the table are the quantum-dot sizes
(diameters), W, as estimated through comparison of experimentally determined AE; values
with the theoretical predictions of ref. (Moskalenko et al., 2007) and from formula (1)
(bracketed values).
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manifests itself as a decrease of the emission times for charge carriers at relatively low
temperatures. A decrease in the activation energy can be attributed to a decrease in NC
sizes, or to an increase in the energies of dimensional quantization levels.
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Fig. 5. Energy diagrams illustrating the NC charging process (left) and the process of
electron emission from NC-related levels (right) observed during and after the filling pulse
in the Q-DLTS procedure. For simplicity, only one NC, located in the vicinity of the SiO,/Si
substrate interface, is depicted in the diagrams.
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Fig. 6. Temperature dependence of the characteristic time of emission of charge carriers
from quantum confinement levels in nanocrystals for samples NC-30 and NC-37. The
emission time for sample NC-36 has intermediate values.

4. Optical and electrical properties of ion-modified arrays of nanocrystals
4.1 Photoluminescence of irradiated NC arrays

The capability of Si nanocrystals to emit light in the visible spectral region attracts a lot of
interest, thus stimulating the studies of the optical properties of NC systems aimed at
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enhancement of the PL intensity coming from nanocrystals. For the initial (non-irradiated)
NC-SiO; layers it was found that the PL signal due to NCs could be observed only in a
certain range of layer compositions (Fig. 7 a). The PL intensity decreased with increasing
concentration of Si NCs (or excess Si content of NC-SiO; layers) when the nanocrystals
started to cluster together and, thereafter, percolation conduction appeared in the NC
system (Antonova et al., 2006 b; 2008 b). The possibility of migration of charge carriers over
extended NC clusters substantially diminishes the probability of radiative recombination of
electrons and holes optically generated in NCs, thus resulting in a decreased PL intensity.

The electronic losses of the ions being relatively low (Kr, 90 MeV, dE./dx = 7.1 keV/nm),
the ion irradiation induces no substantial changes in the PL intensity coming from NC-5iO,
layers (Fig. 7 a, NC-10, NC-11) (Antonova et al., 2008 a). Following irradiation, an
insignificant change in the spectral position of the NC-related PL peak was only observed
(see Fig. 7 b). We have suggested that such a change could be a result of a change of NC
sizes. The higher was the Si content of the NC-5iO; layers, the larger NCs were observed in
such layers after ion irradiation. As estimated from the position of the PL peak in the
spectrum and from the relation of the latter position with typical NC sizes in the NC
systems (see Bitten et al., 2004), the average size of Si nanocrystals in sample NC-10 before
irradiation was 3.6 nm. The latter value well correlates with the NC sizes that were
estimated from Raman measurements and TEM observations. After ion irradiation (sample
NC-11), based on the blue shift of the NC-related PL peak the typical NC size could be
estimated as 3.5 nm for 27% and 3.9 nm for 57% Si content of NC-SiO; layer. It should be
noted here that an additional peak at about 570 nm appeared in the PL spectra of irradiated
NC-SiO; layers. This peak was attributed to the formation of small Si chains in irradiated
samples (Kachurin et al., 1998).

Increase in the ionization losses of ions used for irradiation of samples (Xe, 130 MeV,
dEe/dx =10.2 keV/nm) widened the range of compositions of the NC-SiO; layers for which
an appreciable NC-related PL signal could be detected (Fig. 7 a, NC-22). Samples NC-23 and
NC-23a exhibited PL spectra similar to the PL spectrum of sample NC-22. Here, the intensity
of the NC-related PL decreases in value with increasing the Si content of NC-SiO; layer over
40 vol.% while a more intense photoluminescence was observed in samples with lower Si
contents. The spectral position of the PL peak maximum observed in the PL spectra of
examined samples is indicated in Fig. 7 a. It can be seen that the PL peak position exhibits a
distinct blue shift with increasing Si content of the NC-5iO; layers. Observation of NC-
related photoluminescence in part of samples with low Si contents points to the fact that,
here, new nanocrystals were formed right during irradiation. An additional peak with a
maximum located at about 550 nm was observed in irradiated samples. The observed blue
shift in the spectral position of NC-related peaks points to the formation of an increased
number of smaller Si NCs.

Further increase in ionization losses (Bi, 670 MeV, dEe/dx = 18 keV/nm) demonstrates a
possibility of reaching even greater PL intensity in NC systems irradiated with high-energy
heavy ions (Antonova et al., 2009 a). The photoluminescence spectra that were taken from
the reference sample NC-30 and from several irradiated samples with indicated Si content
values are shown in Fig. 8 a. The NC-related PL peak in the reference sample NC-30 was
observed at ~ 785 nm; the spectral position of this peak in the PL spectra of non-irradiated
samples was roughly independent of the excess Si content of the Si:SiO; layers. In samples
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irradiated with relatively low ion fluences (1012 cm2, sample NC-36 in Fig.8 b), a very strong
increase in the PL intensity coming from NCs in the NC:SiO; layers was found, although the
main spectral characteristics of the NC-related PL peak (spectral position and half-width)
were the same as in the PL spectra of non-irradiated samples. Increase in the Bi ion fluence
to 8x1012 cm?2 (NC-37) leads to a very strong decrease of the registered PL intensity;
simultaneously, there emerges a dependence of the spectral position of the NC-related PL
peak on the excess Si content of the oxide layers. The data on the NC-related PL intensity
considered as a function of the Si content of NC-SiO; layers are summarized in Fig. 8 d.
These data suggest that an additional concentration of Si crystallites, resulting in PL
intensity enhancement, could be formed in samples irradiated with relatively low ion
fluence. Considering the data obtained in (Antonova et al., 2006 b; 2008 b), which show that
the NC-related PL emission comes only from individual, geometrically isolated NCs, it can
be inferred that in ion-irradiated NC:SiO; layer a high intensity of NC-related PL should be
observed for relatively low excess Si contents of NC:SiO- layers. The PL quenching observed
in the samples irradiated with higher ion fluences should be attributed either to formation of
NC clusters or to amorphization of Si crystallites.
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Fig. 7. (a) The dependence of the maximum PL intensity on the Si phase content in samples
NC-10 and NC-11 irradiated with Kr ions; those samples contained a certain amount of Si
NCs formed before irradiation. The sample NC-22 irradiated with Xe ions (1012 cm-2) was
subjected to a post-irradiation high-temperature anneal (1140°C, for 40 min). (Antonova et
al., 2008 a) (b) Spectral position of the PL peak maximum in the PL spectra of samples NC-10
and NC-11 versus the Si content of the NC-SiO; layers.

The radiation effects observed in our samples can be summarized as follows:

i. At fixed ion dose, in samples irradiated with ions producing relatively weak ionization
in the material (Kr, ionization energy losses dE./dx = 7.1 keV/nm) and in samples
irradiated with relatively high ion fluences ( > 8x10!2 cm2), the spectral position of the
NC-related PL peak proved to be dependent on the excess Si content of the NC-SiO,
layers. The effect was attributed to a change of NC sizes.

ii. In the case of higher ionization losses (i.e. in the case of Xe and Bi ions with dE./dx =
10.2 keV/nm) the range of excess Si contents for which an intense NC-related PL was
observed was found to be extended towards lower Si contents. A maximal PL intensity
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was found in samples containing 17 - 20 vol.% of excess Si. The PL intensity in samples
irradiated with low ion fluence ( ~ 1x1012 cm-2) could be a few times greater than the PL
intensity coming from non-irradiated samples. Hence, at low fluence an efficient
formation of NCs due to high-energy ion irradiation is observed in samples with
relatively low Si content. Such a formation of Si NCs was found to occur both in silicon
oxide layers with preliminarily formed NCs and in silicon oxide layers that contained
just dissolved excess Si.

iii. Increase in the ion fluence quenches the NC-emitted PL due to formation of extended
NC clusters in the NC-SiO; layers and/or due to amorphization of already formed Si

crystallites.

350 ' ' 350 : : ‘
%300 i N? 30 1 7300} b :
=2zl - ] = NC-36
- 250 Sicontent, % E 250 Sicontent, %

2200} 1-57 - =200} 1-51 §

E b ---2o5y N S

_5;.1_\0— AAAAAA iigg R ::—.150 7773,3; ;o . .

éloo_ e 5:26 él“” - 5-22

E s5QL - 6-22 = en [ 6-18

j :‘0 .= :‘(_) r 14 :
() bosonrizisnsies a0 L : i

- 500 600 - 500 600 70C 800 900

Wavelength (nm) Wavelength (nm)
50 ; . .

—_ Sicontent, vol.% C 350 — T

w -

g 40 ;g: 4 300t A d

5 L. 3-40 NC-37 250 ¥ —o—NC30

S 30 4--4-33 1 @ —e—NC35

= m 5-26 %_ﬁ_ 3 g 200} —¥— NiC-37

B () L 6-22,~ 7 Tum g i a "

S S 18 o 5 1% \

= e M 2100} a

Z 10t ] + -

5 sol . \ ]
et R * ® L

E 0 5 0 y-/x/¥‘r%/ . A
500 600 700 800 200 10 20 30 40 50 60

Wavelength (nm) i content (vol %)
Fig. 8. PL spectra taken from samples with different Si contents: NC-30 (a), NC-36 (b) and
NC-37(c). The results are summarized in graph (d), which shows the intensity of the most
intense NC-related PL peak versus the Si content of oxide layers in samples NC-30 (785 nm),
NC-36 (785 nm), and NC-37 (780 - 580 nm). (Antonova et al., 2009 a)

4.2 Charge storage capacity of irradiated NC:SiO- layers

The density of fixed oxide charges in the initial (non-irradiated) structure NC-30 and in the
NC-SiO; layers of samples irradiated with Bi ions at different ion energies (NC-33, NC-34,
NC-36) and at different ion fluences (NC-36, NC-37) versus the excess Si content of NC-SiO,
layers is shown in Fig. 9 a, b. The data were extracted from measured C-V characteristics of
MOS capacitors considering the flat-band voltage values. Note that prior to performing C-V
measurements the irradiated samples were annealed at 800°C for 20 min with the aim to
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remove irradiation-induced electrically active defects from the substrate. The sign of the
oxide charge (capture of electrons or holes) was found to be dependent on the substrate
conductivity type, which was altered during irradiation. The fixed charge in the NC-5iO,
layer of sample NC-35 irradiated with the lowest ion fluence was low (< 1012 cm2) due to
the high compensation of the substrate.

An important observation discussed in Refs. (Antonova et al., 2006 b; 2008 b) consists in
that a relatively high density of electrons trapped and stored at nanocrystals in NC-SiO»
layers presents a peaking function of the excess Si content of the layers. A decrease in the
fixed oxide charge that was observed in NC-5iO, layers with high Si phase contents was
attributed to the formation of NC clusters in the oxide layer, resulting in impossibility for
individual NCs to retain trapped charges. Further increase in NC concentration leads to
the formation of conductive NC chains in turn giving rise to percolation conductivity. The
peaking dependence of charge storage capacity of NC-SiO; layers on the excess Si content
of these layers simply reflects the fact that the density of isolated NCs capable of retaining
trapped charges goes through a maximum if considered as a function of excess Si content
of the layers. The most striking finding here is that, within experimental accuracy, the
maximum charge storage capacity of NC-5iO; layers was observed at exactly the same Si
contents for which a maximum PL intensity coming from the NC-5iO; layers was
registered. Variations in the deposition and/or annealing conditions of Si-rich oxide
layers alter the proportion between the amounts of the excess silicon contained in Si
nanocrystals and Si amorphous inclusions; as a result, the maximum in the curve of stored
charge and versus the Si content of NC-5iO; layers and the maximum in the curve of NC-
related PL intensity both exhibit shifts. It is significant, however, that in all cases a
maximum charge storage capacity of NC-SiO; layers was observed in the same samples in
which a maximal NC-emitted PL emission was registered. In (Antonova et al., 2008 b), a
concept of delocalization threshold for an ensemble of NCs was introduced, this threshold
being associated with the onset of substantial migration of charge carriers within NC
clusters. This delocalization threshold is determined by both carrier migration and inter-
cluster tunneling processes, and it corresponds to the excess Si content at which the PL
and charge storage maxima are observed. Thus, a remarkable matching between the onset
of the formation of quantum dot clusters, the above-discussed charge-storage and PL
properties of NC systems, percolation-clusters theory and intra-cluster carrier migration
processes was revealed.

We have found that in irradiated structures, in agreement with the suggested delocalization
threshold concept, the maximum charge trapping at nanocrystals was observed exactly in
the same region of excess Si contents in which a most intense PL emission from NCs was
detected (compare Figs. 9 and 7, 8). Irradiation of the NC-SiO; layers with high-energy
heavy ions results in widening of the range of layer compositions for which a substantial
charge trapping by NCs is observed and in shifting the position of the charge storage
maximum towards lower excess Si contents (Antonova et al., 2010 a; 2010 b). With the
increase in ion energy, the range of Si contents of NC-SiO; layers in which additional charge
could be accumulated at NCs also exhibited a shift towards lower Si contents. This finding,
proving that additional NCs were formed in irradiated samples, well correlates with our PL
and Raman data.
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Fig. 9. The density of the NC-trapped charge as extracted from the flat band voltages of
MOS capacitors versus the Si phase content of 400-nm thick NC-SiO; layers irradiated with
Bi* ions: with variation of (a) the ion energies for the ion fluence of 1012 cm2, and (b) the ion
fluencies for energy of 670 MeV. Irradiated regimes are indicated in the figures.

Observation of two peaks in the graph of Fig. 9 b for the sample irradiated with the highest
ion dose correlates with the emergence of two peaks in Fig. 8 d in the curve for the same
sample. Note that the high magnitude of the charge stored at NCs implies a high
concentration of Si NCs formed due to irradiation in the range of relatively low Si contents
of NC-SiO; layers. Thus, the higher the fluence, the higher is the NC concentration in the
mentioned range of Si contents. With reference to Fig. 9, it can be hypothesized that the
concentration of irradiation-induced Si NCs formed in NC-5iO; layers with a relatively low
content of excess Si increases with increasing the ion fluence. The appearance of a dip at
~30% Si content in the dependence for the sample NC-37 (with simultaneous emergence of
two peaking features on either side of the dip) can be attributed to the formation of NC
clusters in the NC-5iO; layer with an increased concentration of irradiation-induced NCs. It
should be noted here that the maximum value of the NC-stored charge for the data of Fig.9
is ~3x1012 cm2; this value complies with the maximal density of isolated nanocrystals with
sizes ~ 3-5 nm in NC:SiO; systems. One more interesting conclusion that can be drawn from
a comparison of data in Figs. 9 b and 8 d is that the NC-related PL exhibits a more
pronounced decrease with increasing NC concentration in comparison with NC charge
storage capacity.

4.3 Transport properties and inter-cluster migration effects

In part of our samples with high Si content, percolation conduction was observed. For
evaluating the conductivity of NC-SiO; layers, we measured I-V characteristics of reference
and irradiated samples versus the Si-phase content. From such measurements, the curves of
resistivity R of our NC:SiO; layers versus the Si content of those layers were deduced; these
curves are shown in Fig.10. For reference (non-irradiated) samples, a percolation transition
with a percolation threshold at Si contents 33 - 40 vol.% was revealed; at this threshold, a
sharp decrease in the resistivity of NC:SiO, layers amounting to about six orders of
magnitude was observed. The position of the percolation threshold was found to be
dependent on the proportion between the contents of crystalline and amorphous Si
inclusions in the SiO; layer. The 33% position of the threshold, consistent with theoretical
predictions (Shklovskii & Efros, 1984), was observed in NC:SiO; layers deposited at low
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rates (Antonova et al., 2006 b). It was found that the percolation conduction threshold shifts
to higher contents of excess Si in SiOy layers after irradiation of the samples with high ion
fluences (~1013 cm-2) or with high-energy ions producing relatively weak ionization in the
material. In those cases, as a rule, the conductivity of oxide layers in the interval of x-values
above the percolation threshold decreased in magnitude in irradiated samples because of
partial amorphization of Si nanocrystals, as supported by Raman data. In samples irradiated
with relatively low fluences (1x1012 cm2) of 670 MeV Bi ions the resistivity of the NC:SiO»
layers in the region over the percolation threshold decreased by two orders in comparison
with non-irradiated samples.

The above results can be self-consistently interpreted as follows. The conductivity in the
range of composition of NC-5iO; layers above the percolation threshold depended weakly
on the Si-phase content of our layers both in irradiated and non-irradiated samples. This
finding is consistent with the predictions of percolation theory (Shklovskii & Efros, 1984).
However, the conductivity of irradiated sample NC-36 was almost two orders of
magnitude higher than that of non-irradiated sample NC-30. This is believed to be due to
a much higher conductivity of the percolation network due to NC chains formed along
ion tracks and having identical orientations of atomic planes within the ordered NC
chains.

R (Ohm.cm)

"w—-
0 20 40 60 80 100

Si content (vol.%)

Fig. 10. The resistivity of NC:SiO; layers (measured at applied bias voltage 5 V) versus the Si
phase content of the layers (vol. %) for reference sample NC-30 and for samples irradiated with
670 MeV Bi ions to fluences 1012 cm2 (NC-36) and 8x1012 cm2 (NC-37). (Antonova et al., 2009 a)

In view of a higher conductivity of crystalline Si phase in comparison with amorphous Si
phase, a narrower percolation transition can be expected in samples containing a larger
amount of Si crystallites formed in the oxide layer with a concomitant reduction of a-Si
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phase content as evidenced by TEM images and Raman data. Thus, crystallization is found
to predominantly proceed in samples with relatively low contents of excess Si. For the other
part of our samples, with a higher Si content (about and above the percolation threshold),
and for higher ion fluences, amorphization of Si nanocrystallites becomes a dominating
process. However, the formation of a larger amount of Si crystallites fails to offer a
reasonable explanation to the lower resistivity of sample NC-36 in comparison with sample
NC-30 since the average conductivity of NC chains at high Si contents (above the
percolation threshold) decreases weakly with increasing NC concentration.

5. Low-dimensional effects in ion-modified 3D NC arrays

Modification of NC-containing films (NC-11a, NC-23a, and NC-31a) with high-energy ion
irradiation was found to lead to the appearance of capacitance peaks in the low-frequency
capacitance-voltage characteristics of MOS capacitors formed on our samples. The C-V
characteristics of reference and irradiated samples measured at different frequencies are
shown in Fig. 11. As it is seen, two distinct capacitance peaks appear in the low-frequency
C-V curve after irradiation. Such peaks were observed only in irradiated structures that
contained 60-80% of excess silicon in 400-1000 nm thick NC:5iO; layer (Antonova et al., 2009
b). The amplitudes of those peaks increased with decreasing the measurement frequency,
while the voltage position of the peaks remained essentially the same for all frequencies at
which our measurements were performed. Moreover, the bias voltages at which the peaks
were observed were quite reproducible in measurements performed at different points on
the surface of one and the same sample. In particular, in all investigated samples one of the
observed peaks was located at V ~ 0.

The amplitude of the capacitance peaks (peaks 1 and 2 in Fig. 11 b) plotted as a function of
frequency is presented in Fig. 12. This frequency dependence of capacitance C is given by

Cla) = ——Smax @

1+ (wr)?

where o = 2xf (Shi et al., 2002; Punchaipetch et al., 2006). Hence, the frequency dependence
of the peak amplitude allows one to estimate the time constant t of the NC charging process.
The t values obtained by fitting the experimental C(w) data (Fig. 12) with formula (2) were
found to lie around 1.5x10-5 s and 5x10- s respectively for peaks 1 and 2. The value 1.5x105 s
is in a fairly good correlation with the characteristic time of carrier emission from the
ground state of NCs estimated for 300 K by means of Q-DLTS (see Fig. 6).

The bias-voltage dependences of the real (G) and imaginary (C) parts of the admittance of
NC-23a films, which were irradiated with Xe ions and measured at 10-kHz frequency are
shown in Fig. 13. As it follows from Fig. 11, this frequency is low enough for the capacitance
peaks which we attribute to the charging of Si nanocrystallites, to emerge. The data in Fig.
13 suggest the possibility of dividing the observed peaks into two groups according to their
bias positions (I and II). The voltage difference between the two groups is ~2.6 V, and the
voltage difference between neighboring capacitance peaks within each group is roughly
~0.5 V. The G-V curves exhibit only two less pronounced peaks observed at the same
voltages.
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Fig. 11. C-V characteristics of NC-SiO; structures measured at room temperature and
various frequencies for Si-phase contents 72% (a, b) and 79% (c) of oxide layer (initial sample

NC-10 (a) and two samples from the sample series NC-11a irradiated with Kr ions (b, c).
(Antonova et al., 2009 b)
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Fig. 12. The amplitudes of capacitance peaks 1 and 2 (Fig. 11 b) versus frequency. The peak
numbers refer to the two main peaks in Fig. 11 b. The curves are the dependences that fit the
1 values estimated from Q-DLTS data (symbols) with formula (2). The inset illustrates our

model of NC chain formation in NC-SiO; layers subjected to high-energy ion irradiation.
(Antonova et al., 2009 b)
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Fig. 13. Typical C-V and G-V characteristics of a MOS capacitor with Si NCs in the oxide
layer (Si-phase content 63 vol.%) irradiated with Xe ions. Different points refer to different
repeatedly performed measurements.

Similar peaks with similar characteristics were previously observed in C-V characteristics of
thin (3 -10 nm) oxide layers with an embedded two-dimensional array of Si NCs; the latter
peaks were attributed to the charging process of electronic levels in NCs, and the voltage
spacing between them (in V) was associated with the energy spacing (in eV) between the
quantum confinement levels in NCs (Wu et al., 2004; Yu et al., 2005). It is significant that in
our samples similar effects were observed for thick (400-1000 nm) NC-containing layers. We
have suggested that the peaks could also be due to resonance tunneling of charge carriers to
electronic levels in nanocrystals. This interpretation leans upon the fact that at high
frequencies the electrons participating in the tunneling processes could not follow the
voltage modulation, while at low frequencies they could respond to it; as a result, tunneling
of charge carriers through the oxide into NCs could give rise to the capacitance peaks. A
qualitative model to interpret the nature of the experimentally observed effect in ordered
three-dimensional NC arrays is described below.

Taking into consideration our data (TEM, Raman spectroscopy, transport and C-V
measurements, Q-DLTS), we suggest that radiation-induced NC chains were formed within
ion tracks in our samples and that the peaks found in the C-V characteristics possibly
reflected the formation of those NC chains. Considering the fact that the Si-phase content of
the structures on which C-V measurements were performed (> 60%) was in a notable excess
of the Si-phase content of the structures that were used in TEM study (35 - 40%) while the
number of ion tracks in both cases was roughly identical, we suppose that, very likely, more
pronounced NC chains were formed in our layers with the higher Si content. The lengths of
those chains were approximately identical, defined by the thickness of the NC-5iO; layer. In
samples with a Si content exceeding the percolation threshold those chains formed a
conducting network. The NCs forming the chains were unable to retain the captured charge
due to the high electric conduction existing between the NCs. So, only isolated NCs in non-
conductive cells in the conducting network formed by NC chains could retain charge, the
recharging of those NCs proceeding through the "bottlenecks" located between the isolated
NC and neighboring chains. It is the charge trapping at such isolated Si nanocrystals that
was probably responsible for the emergence of additional peaks in the C-V characteristics of
irradiated samples. The effect due to resonance tunneling could be observed in such NC
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systems because, here, the conducting network played the role of a “substrate” that created,
together with a particular isolated NC, a two-barrier tunneling system in which the
individual Si nanocrystal was separated from the “substrate” with a tunneling gap. Since the
probability of tunneling through a barrier strongly (exponentially) depends on the barrier
width, it can be assumed that the spread of tunnel-barrier widths involved in the
phenomenon was rather small. Irrespective of the exact position of “bottlenecks” in the
conducting NC chains, for statistical reasons the resistances of such chains and the
resistances of the rest part of the NC cluster for different NC chains had close values and, as
a result, the total bias voltage applied to the oxide was divided between each NC chain and
the "bottleneck” in roughly identical proportions. Statistically, all the parallel NC chains
involved tunneling gaps of roughly identical widths; as a result, NCs in different non-
conductive cells can be expected to be recharged at roughly identical voltages. A sketch of
QD chains formed along ion tracks in an irradiated sample is shown in the inset of Fig. 12.
Charge carriers are captured by NCs at bias voltages at which resonant tunneling conditions
are realized. In a real situation, the concentration Nnc of isolated NCs contributing to
measured capacitance presents only a small fraction of the total NC concentration. In our
case, all NC chains are connected in parallel and the total induced capacitance is therefore
equal to the product CncNne. The magnitude of the capacitance peak AC is ~ 6 pF for the
first group of NC-related capacitance peaks (Fig. 12). The capacitance of one NC is estimated
as 8 aF (see below). Thus, we have Nnc ~ 8x108 cm2, this value constituting approximately
103 of the total number of all ion tracks (1012 cm2).

A more difficult problem here is interpretation of the bias voltage values of the C-V peaks.
Let us try to correlate these values with characteristics of the resonant tunneling process and
with the charging energies of a single NC. For that purpose, consider the t values that were
extracted from the C(w) curves shown in Fig. 12. The probability T of carrier tunneling
through the rectangular barrier between NCs as a function of the energy position of the
levels in NC can be estimated using the expression

T=exp(-2 [ pi)~ exp(-2), ®

X

where p= 7 is the carrier momentum, A = is the electron wavelength, and d = x;-x»

h
N2mE
is the width of the tunneling barrier between an isolated NC and the substrate or between
an isolated NC and the adjacent NC chain, / is the Planck constant, and m is the electron
effective mass in silicon. The tunneling being a dominating process, the tunneling time, or
NC recharging time, is t ~ T-L. In view of formula (3), the ratio t1/1> (here, t; = 1.5x105 s and
12 = 5x106 s, see above) can expected to be a function of the quantum confinement energies
in the NCs, so that

)
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Considering equation (1), we obtain a certain relation between t,/t; and W. For the above-
indicated values of 1, and 15, the estimated NC diameter W is 3.3 nm assuming that the
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tunneling distance is d = 3 nm. The value of W is in a very good agreement with the TEM
values, 3-5 nm. This, then, suggests that, indeed, the capacitance peaks that we observed in
the C-V characteristics can be associated with capture of electrons into quantum confined
levels in NCs. Following the presented analysis, the first and the second groups of
capacitance peaks in Figs. 11 and 13 can be associated with the charging of respectively the
ground-state level and the first exited level in the NCs, whereas the relatively small peaks
inside each group can be attributed to charging effects (Coulomb blockade energies) of NCs.

We have tested our model for consistency by performing an analysis typically used for NCs
(Yu et al., 2005, Huang et al., 2003). The position of the photoluminescence peak observed in
examined samples yields for the QD size a value 3.3 nm. The energy distance between the
ground level and the first excited electronic level in such a QD is estimated to be AE = 103
meV according to equation (1). The voltage difference between the two groups of peaks can
be represented as AV = eKAE, where K is a coefficient depending on the geometry of the
QD/matrix system. In the present case, we have AV = 2.6 eV which value translates into
K=0.048. The NC charging energy can be estimated from the relation AE. = KAV,; with the
above value of K, this yields AE. = 24 meV. On the other hand, we have AE. = e/Cnc, where
Cnc is the NC capacitance. The capacitance of an individual NC in our NC-SiO; layers was
estimated as 8 aF, this value being quite a reasonable one for an NC ~ 3 nm in size.

6. Interaction of high-energy ions with silicon nanocrystals in dielectric
matrix

Consider the processes that can be responsible for the radical transformations of NC arrays
in ion-irradiated samples. First of all, it should be noted that the diffusivity of silicon in SiO»
at temperatures 1110-1400°C is rather low, 10-21-10-17 cm?2's-1 (Mathiot et al., 2003; Tsoukalas
et al., 2001; Takahashi et al., 2003). According to the data of (De Almeida et al., 2000;
Aleksandrov et al., 2008), oxygen possesses a much higher diffusivity in SiO, amounting to
10-9-10-7 cm?'s-1. That is why the formation processes of Si nanocrystals in Si-rich oxide
layers are usually described with consideration given to the fact that those processes should
involve migration of oxygen atoms from the region of the growing silicon nanoparticle (see,
for instance, Khomenkova et al., 2007). In addition, in their Monte-Carlo simulations, Muller
et al. showed that the formation process of Si nanocrystals in Si:SiO; layers with a low excess
Si content involves nucleation and growth of Si nanocrystals, whereas in Si:S5iO; layers with
a high excess Si content Si NCs are formed due to spinodal decomposition with separation
of the Si and SiO, phases (Muller et al., 2002). Thus, it follows from the above consideration
that, due to the local release of energy in ion tracks and the corresponding heating of the
material there (see Fig.15 a, and Section 2.2, Fig.1 a), oxygen is bound to leave track regions,
where Si nanocrystals may form. It should be mentioned here that the high ionization of
material in track regions can be expected to most likely enhance the diffusivity of all atoms.

All of the above-mentioned processes can be enhanced by the anisotropic strain fields
produced by anisotropic heating and by the atoms leaving the track regions (Van Dillen et
al.,, 2005). It is believed that, on irradiation, the material expands in the direction normal to
the ion track and contracts in the direction parallel to the track axis. The steady-state
(residual) strain & (the relative change in lattice distance) can be estimated as (Van Dillen et
al., 2005)
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&t = exp(AF) - 1, ®)

where A is the rate of strain accumulation in a material irradiated with a particular type of
ions, and F is the ion fluence. The rate of strain accumulation can be estimated as

dE,
A=04631Y _ dx ©)
5-4v" pC

where v is the Poisson's ratio, B is the coefficient of thermal expansion, p is the material
density, and C is the specific heat. As follow from (6), the rate of strain accumulation A is
proportional to the electronic losses of ions dE./dx. Invoking the well-known constants for
SiO; (v = 0.2, B = 5.5x107 K1, p = 2.2x10°% kg/m?3, C = 10° J/kgK), we have estimated the
strain accumulation rate A for the interval of ionization losses of used ions (see Fig. 14 a).
For silicon, the quantity A has one and a half order of magnitude smaller value. For the case
under consideration, using formula (5), we have also estimated the steady-state strain & for
ionization losses of ions ranging from 5 to 20 keV/nm. Those results are given in Fig.14 b.
So, the strains in the layer are estimated as 3x10-5-8x10-3> depending on the ion used and on
the ion fluence. This value is high enough for provoking significant strain-induced effects.
The strain decreases with increasing the Si content in the NC:SiO; layer. This means that, at
low Si contents, the diffusion flux of oxygen from track regions and, consequently, the
formation process of nanocrystals should be more pronounced. Our experimental data fairly
well agree with such considerations. In particular, the high strain has to limit the phase
separation in ion tracks, thus decreasing the size of formed NCs. This effect was clearly
observed by means of PL and Q-DLTS measurements (see Sections 3.3 and 4.1): the higher
are the ionization losses, the higher is the strain, and the smaller is the typical NC size.
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Fig. 14. (a) The strain accumulation rate A estimated for SiO, by formula (6) using constants
v=0.2, p=55x107 K1, p =2.2x10% kg/m?3, and C =10 ] /kg'K. (b) The steady-state strain &
estimated from (5) for different ionization losses of ions.

If the Si content of the SiO» layer is high, other processes control the interaction of high-
energy ions with Si nanocrystals previously formed in SiO,. In this case, the interaction is
defined by the relation between the nanocrystal diameter and the track diameter. With the
example of Ge QDs, Schmidt et al. (Schmidt et al., 2007; 2009) showed that, if the nanocrystal
size is such that the particles do not melt at a particular fluence, then the nanoparticles
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change their spherical shape for an ellipsoidal one with increasing the ion fluence, and the
sizes of nanoparticles in an ion track decrease in value along the track length. The
mechanism of such a modification of nanoparticle shape is associated with the above-
discussed anisotropic deformations of the particles. At the same time, the Si nanocrystals get
amorphized and partially dissolved, as it was observed in (Mishra et al., 2007) and in the
present study for samples with a high Si content. Nanoparticles smaller than, or comparable
with, track dimensions are stretched along ion tracks. The threshold electronic losses
corresponding to the onset of material melting in ion tracks in SiO; are thought to be 6
keV/nm (Meftah et al., 1997). Figure 15 presents a sketch illustrating the interaction of a
high-energy ion with a nanocrystal. The crossing length of the NC of radius R by the ion
track is Ly < 2 R. The nanocrystal will melt if the energy lost by the ion over the length Ly
exceeds the energy needed for melting the nanocrystal,

dE 4
d.?: an 2 ?RSHmpnc 4 (7)

where Hy, is the melting heat and pnc is the NC density. The maximal radii R of the
nanocrystals in our samples which could be melted by the ions used in the present study are
given in Table 3. For Kr, Xe, and Bi ions with energies 1-3 MeV /nucleon, melting occurs in
all cases. As a result, nanocrystals elongated along ion tracks retain their crystal structure,
whereas nanocrystals located in between ion tracks become amorphous. Integrally, these
effects result in general ordering of nanocrystals along ion tracks. The same processes
proceed in the case of metal inclusions embedded in an insulator matrix and, as it was
shown recently (Mishra et al., 2007; Giulian et al., 2010; Dawi et al., 2011; Kumar et al., 2011),
irradiation with sufficiently high ion fluences and energies provides a means for forming
long wire-shaped nanoparticles in ion tracks.

ion track

an

S102

(b)

Fig. 15. (a) Sketch of an ion track in a composite crystal. Color gradient of the background is
an illustration of the heating gradient. Non-uniform distribution of excess Si atoms (red
balls) reflects the out-diffusion of oxygen from the track zone. (b) Sketch of the interaction of
a high-energy ion with a nanocrystal.
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o | e | s ]S [,
Kr 90 8.0 7.1 <40
Xe 130 12.3 10.5 <43
Bi 65 - 670 9.1-23 7.9-18 <50-68

Table 3. Maximal radii R of Si nanocrystals that could be melted by the used ions in ion
tracks. Estimations were made with the use of inequality (7) and parameter values pn. = 2.33
g/cmdand Hn=164]/g.

7. Conclusions and outlook

As shown in this chapter, irradiation of Si:SiO, and NC:SiO; layers with high-energy
heavy ions under the above-described conditions results in the formation of ordered low-
dimensional NC systems that possess properties untypical of three-dimensional arrays of
Si nanocrystals randomly distributed in the bulk of oxide layers. We have found that
irradiation of our layers with heavy ions could either enhance or retard the formation of
silicon nanocrystallites in the host matrix according to the irradiation dose used. We have
also showed that both the electrical and optical properties of ion-irradiated layers could
be improved by irradiating samples with low ion fluences. The increase of NC-emitted PL
intensity and the extension of the interval of excess Si contents in which trapping of
charges at NCs and emission of NC-related PL become detectable show much promise in
applications of Si NCs. This suggests that, using a combination of properly chosen
annealing and irradiation conditions, one can optimize the properties of NC:SiO; layers
according to posed requirements. The ordering of Si nanocrystallites along ion tracks in
oxide layers of irradiated samples leads to the formation of NC chain arrays. Moreover,
the formed NCs have identically oriented atomic planes. Such NC systems cannot be
obtained by other known NC formation methods. Other important features demonstrated
by samples with NC chains thus formed in comparison with non-irradiated samples
include: (1) high conductivity of the NC chains and (2) identical lengths of those chains,
approximately equal to the oxide-layer thickness. Due to these features, the initial 3D
system of QDs acquires properties of a low-dimensional array of QDs. Thus, irradiation of
NC-SiO; layers with high-energy heavy ions enables the formation of new nanostructured
materials exhibiting nontrivial structural and electronic properties not observed in
materials produced by other technologies. The irradiation of NC-SiO, layers with high-
energy heavy ions provides a useful tool that makes it possible to optimize the properties
of NC arrays and fabricate vertically aligned nanostructures with low-dimensional
properties.

Systems involving Si nanocrystals are of interest for a wide spectrum of applications, from
solar cells to biomedical applications. The understanding of fundamental mechanisms that
control the conductivity, the charge storage capacity, and the photoluminescence of
nanocrystalline films modified with high-energy ions gives us the key to altering the
properties of nanoscale materials in a desirable controlled manner and, in particular, the key
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to solving the various problems encountered in applications of such materials. High-energy
ion irradiation can be used as a tool for 3D structuring of composite materials allowing
control of NC shape, size, and/or atomic plane orientation.
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1. Introduction

Nitridation of GaAs by low energy N»* ion beams is an effective way for passivation and
isolation of GaAs based structures (DeLouise, 1992, 1993; Pan et al., 1998; Hecht et al, 2001;
Li et al., 2001; Kumar et al., 2009). The research activity in the field of ion induced GaAs
nitridation accompanied by annealing for crystal structure restoration has been stimulated
recently by the problem of perfect crystalline GaN film growth on GaAs substrate with
using the implanted GaN layer as a buffer (Majlinger et al., 2008, 2009; Kumar et al., 2009).
Low energy N»* ion implantation enabled fabrication of GaN nanolayers even for device
applications (Meskinis et al., 2004). Obvious advantages of the low energy implantation as a
method for nitride nanolayer fabrication are relative simplicity, compatibility with other
high vacuum techniques and possibility to control elemental and chemical composition of
the nanolayer in situ by means of different kinds of electron spectroscopy. Qualitative
chemical analysis of the implanted layers resulted in the conclusion that they are pure GaN
films (DeLouise, 1992, 1993; Pan et al., 1998; Meskinis et al., 2004; Kumar et al., 2009) or the
films mainly consisting of GaN (Hecht et al., 2001; Majlinger et al., 2008, 2009). Using x-ray
photoelectron spectroscopy (XPS) with synchrotron radiation (SR) made it possible to reveal
an essential contribution of the phase of dilute GaAsN alloy in addition to GaN (Majlinger et
al., 2008, 2009; Mikoushkin et al., 2009) and to perform quantitative chemical analysis of the
implanted layer with the help of the high resolution mode of this method (Mikoushkin et al.,
2009). Efficient creation of the phase of GaAsN alloy has also been observed when GaAs was
bombarded with a mixture of N>* and Ar* ions (Gordeev et al., 2003; Mikoushkin et al., 2008).

The unique property of dilute GaAsi..Nx alloy is that the band gap Eg sharply decreases
with enhancement of the nitrogen concentration x even in the range of low concentrations x
(Bi & Tu, 1997; Sik et al., 2001). The band gap becomes as narrow as Eg ~ 1 eV already at x ~
0.03, which should be compared with E; ~ 1.44 eV at x = 0. This makes dilute GaAs;..Nx
alloy to be one of the most promising materials for infrared applications (Henini, 2005).
Unfortunately, higher nitrogen concentrations x > 0.03 in alloys are difficult to achieve by
means of basic growth technologies (Henini, 2005). There have been only a few reports
published since 1997 about more concentrated GaAsN alloys (Bi & Tu, 1997; Toivonen et al.,
2000; Moody et al., 2002; Veal et al., 2004). The physical restriction in fabricating alloys with
higher nitrogen concentrations may be in their instability at growth temperatures typically
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exceeding 550+650°C (Mikoushkin et al., 2008). This instability results in decay of the alloy
into thermodynamically more stable chemical phases: GaAsN — GaN and GaAs. Therefore
the problem arises whether it is possible to fabricate nanofilms of GaAs1.«Ny alloys with higher
nitrogen concentrations x > 0.03 at low temperatures by low energy implantation of GaAs.
Based on the research done, the answer will be shown below to be positive. The implantation
technique will be shown to enable fabrication of dilute GaAs; Ny alloys with nitrogen
concentration x ~ 0.09 and, correspondingly, with the narrow band gap. The problem was
solved with in situ control of chemical composition by high resolution XPS with synchrotron
radiation and, surprisingly, by ordinary Auger Electron Spectroscopy (AES).

2. Nitridation of GaAs with high resolution synchrotron radiation based XPS
diagnostics of chemical composition

Introduction. The classic research of De Louise seems to be the first study devoted to GaAs
nitridation by low-energy N»* ion implantation (DeLouise, 1992, 1993). It was performed
under XPS control which is known to be one of the most powerful methods for elemental
and chemical analysis (Briggs & Seah, 1983). Using this method with MgKa x-ray source the
author showed that the implantation results in fabrication of nitrogen rich layers
characterized by nitrogen concentration ranged from [N] ~ 15 at.% at energy E; = 3.0 keV up
to [N] ~ 30 at.% at energies E; = 0.5 + 1.2 keV. Creation of GaN layer was revealed by the
analysis of Ga3d photoemission spectra. As a result of nitrogen implantation, the author
observed a chemical shift of Ga3d photoelectron line due to additional contribution at
higher binding energy which was attributed to the GaN phase. Analogous line shifts were
observed later by other authors who came to similar conclusion about formation of GaN
nanolayer on the GaAs surface in the implantation process. The only fact slightly disturbed
the suggested interpretation: the photoemission signal contained contribution of GaAs
besides the GaN. Presence of GaAs line in Ga3d spectrum was explained by the contribution
of GaAs substrate which was possible to observe because the mean free path of Ga3d
photoelectrons generated by MgKa/AlKa x-rays exceeded the thickness of nitrided layer.
Therefore the GaAs signal was explained by the substrate contribution.

The geometry of the experiment described below according to Ref. (Mikoushkin et al., 2009)
was made different. XPS chemical analysis of nitride film fabricated by implantation of Ny*
ions with the energy Ei = 1.5 keV was performed at different experimental conditions
compared to previous studies, namely at the conditions when the mean free path A\ of
photoelectrons generated by low energy synchrotron radiation is less than the thickness of
the nitrided layer. Therefore photoelectrons of only nitrided layer were detected.
Nevertheless contribution of a phase being chemically similar to the GaAs was observed
apart from the phase of GaN. This contribution proved to be comparable with the content of
the main phase. High energy resolution of the method made possible to show that the
revealed phase is GaAsiNy alloy and that the layer fabricated by implantation of nitrogen
consists of the wide band gap matrix of GaN with the narrow band gap clusters of GaAs;.
Ny (x ~ 0.05 + 0.10) alloy, which can be considered as a quantum dot system.

Experimental details. The experiment was carried out at the BESSY II storage ring in Berlin
using monochromatic synchrotron radiation of the German-Russian beamline equipped
with the plane-grating monochromator (PGM) and photoelectron spectrometer with
hemispherical analyzer VG CLAM-4 (Fedoseenko et al., 2003). The total energy resolution of
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the method was better than 300 meV. Control of the elemental and chemical composition of
sample was performed by measuring in situ core-level photoemission spectra: Ga3d, As3d,
N1s. The photon energy scale of the monochromator was calibrated using Au 4f7/> line of
gold (Ep = 84.0 eV).

Commercial GaAs (100) n-type (n ~ 108 cm-3) wafer was taken as a sample. It was implanted
at room temperature under high vacuum conditions by nitrogen ions Nx* of low energy E; =
1500 eV in the preparation chamber of the electron spectrometer. The incidence angle was
normal to the surface. The dose of the implanted ions Q ~ 3*1016 cm3 was close to the dose
sufficient for saturation of the nitrogen concentration in the near-surface area (DeLouise,
1992). The surface of the sample was preliminary cleaned by Ar* ions with the energy E; =
1500 eV which was high enough to prevent considerable enrichment of the surface by the
atoms of gallium. As a result of cleaning, the layer of native oxide and contaminations was
completely removed from the surface, which was checked by measuring the Ols and Cls
spectra. The thickness of the nitrided layer or the projected range of nitrogen ions was
estimated by SRIM code (Ziegler et al., 1985) to be about d ~ 2.5 nm. The peculiarity of the
conducted experiment was in relationship of the thicknesses of the nitrided layer and the
near surface layer controlled by XPS which is determined by the mean free path of detected
photoelectrons A ~ 0.5 + 1.0 nm. The last one was made less than the thickness of nitrided
layer by diminishing the photoelectron kinetic energy down to E. ~ 100 + 126 eV using x-
rays of low energies: hv = 150 eV for measurement of Ga3d and As3d lines and hv = 500 eV
for N1s line. Therefore photoelectrons of only nitrided layer were registered.

Analysis of photoelectron specrta. The total concentration of the implanted nitrogen is one of
the most important characteristics of the nitrided layer. It was estimated by the analysis of
the N1s and Ga3d line intensities. To neglect the energy dependence of the spectrometer
transmission, kinetic energies of these photoelectrons were made close to each other (E. ~
100 + 126 eV). Mean free paths of these photoelectrons characterised the analysed layer
proved to be equal at this condition too. Comparison of the intensities normalized to the
corresponding photoemission cross sections 6(N1s, hv = 500 eV) and o(Ga3d, hv = 150 eV)
(Henke et al., 1993) gave the content of nitrogen [N] ~ 25 at.%. This value proved to be close
to the values obtained in Ref. (DeLouise, 1992; Li et al., 2001). The embedded nitrogen can
create different chemical compounds with matrix atoms besides GaN.

When colliding with the surface, molecular nitrogen ions dissociate, and chemically active
atoms penetrate into the substrate to a projected range of about several nanometers before
they completely lose their kinetic energy. At the end of this process, the nitrogen atoms can
react with the matrix, substituting arsenic and resulting in formation of the following
chemical phases: GaN, GaAsN, GaAs, As and AsN. High energy resolution SR-based XPS
method enabled development of quantitative diagnostics of chemical composition for the
nitrided layer with determining the concentrations of mentioned chemical phases. To solve
this problem, photoelectron spectra of As3d, Ga3d and N1s measured for exceptionally
nitrided layer without any substrate contribution should be considered. These spectra are
shown in Fig. 1, 2 and 3.

Photoelectron spectrum of arsenic represented in Fig.1 confirms the qualitative model of
nitrogen ion interaction with matrix, describing partial replacement of arsenic by nitrogen.
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As3d spectrum on implanted GaAs surface (Fig.1b) shows some contribution of a phase of
elementary arsenic Ase. The spectrum confirms absence of AsN phase earlier reported for
the layers nitrided by low energy implantation (DeLouise, 1992; Hecht et al., 2001; Li et al.,
2001; Kumar et al., 2009). Finally, As3d spectra give new important information that the
major part of arsenic remains in the nitrided layer and practically saves line position and
corresponding chemical state. This fact implies creation of dilute alloy GaAsN with low
nitrogen concentration which does not essentially influence the chemical state of arsenic
atoms. This assumption was confirmed by the spectra of Ga3d and N1s.
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Fig. 1. As3d photoemission spectrum of GaAs (a) and GaAs implanted by nitrogen ions with
energy E; = 1500 eV (b). The last one is decomposed into different contributions.

Implanted nitrogen atoms substitute arsenic and create chemical bonds with gallium, which
is seen in the Ga3d photoemission spectra shown in Fig.2. Curve 1 corresponds to Ga3d line
of atomically clean surface of GaAs prepared by Ar* ion etching. Curve 2 is the spectrum of
the surface implanted by nitrogen ions. Implantation shifts Ga3d spectrum to higher
binding energies. Decomposition of the spectrum of the implanted surface into Gaussian
contributions shows that the phase of GaN is dominating one, but a contribution of the
substance being chemically similar to GaAs is observed in the nitrided layer too. This
contribution is comparable with the content of the main phase. Before it will be shown that
this phase is definitely the phase of GaAs;«Ny alloy, some remarks about Ga3d and As3d
spectra should be made.
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Fig. 2. Ga3d photoemission spectrum of GaAs (1) and GaAs implanted by nitrogen ions with
energy E; = 1500 eV (2). The last one is decomposed into different contributions.

Important characteristics of the gallium chemical state, the binding energies of Ga3d core
electron, were obtained: Ep(Ga3d) = 194 eV and 19.8 eV for GaAs and GaN,
correspondingly. These values proved to be in the frame of published data, though by 0.5 eV
and 0.3 eV larger than those reported in Ref. (DeLouise, 1992; Li et al., 2001). A reason of this
discrepancy may be in different positions of the Fermi level in samples being differently
treated. The spectrum of implanted sample shows also a small contribution of gallium oxide
Gay0s. Origin of this contribution was in presence of residual oxygen in the gas system of
the ion source which was not desirable and planned. But this small contamination not only
did not essentially affect the spectra but it also was used for the additional analysis of the
As3d photoemission spectrum (Fig. 1). This spectrum shows absence of As;O3 with binding
energy Ep = 44.5 + 46 eV (Briggs & Seah, 1983) despite the presence of residual oxygen in
vacuum system, which illustrates higher resistivity of arsenic to oxidation and nitridation
compared to gallium. Therefore the absence of AsN seems to be natural because of lower
electronegativity of nitrogen. Stability of the As3d lines against nitridation mentioned above
evidences also no influence of the embedded atoms and defects to the Fermi level position.

The phase GaAs observed in Ga and As spectra of nitrided layer was assumed to be GaAs;.
«Nx (x << 1) dilute alloy which is chemically similar to the GaAs because of low nitrogen
concentration x, and therefore it cannot be identified because of extremely small chemical
shift of the corresponding lines. But this task was solved in Nls spectrum and the
assumption was unambiguously confirmed. Fig. 3 shows N1s photoemission spectrum of
the implanted sample (curve 1) with prominent line of the GaN phase. The binding energy
of Nls core electron in GaN Ep(N1s) = 396.7 eV is in agreement with the previously
published data. It coincides with that obtained in Ref. (DeLouise, 1992) and is less by 0.3 eV
than the value given in Ref. (Zhu et al., 1992; Li et al., 2001). High total energy resolution of
the beamline used and the endstation enabled revealing some asymmetry of Nils
photoemission line related to additional contribution at higher binding energy where the
line of GaAsN was expected. Indeed, the binding energy N1s in alloy Ga-As-N should be
between the energies in N-Ga and N-O compounds. The asymmetry becomes stronger after
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bombardment of the film by Ar* ions (curve 2, Fig.3a), which was shown in our former
works to enhance the contribution of the phase of GaAs;..\Ny alloy in nitrided layer due to
mixing and homogenization of the material favoring to alloy creation (Gordeev et al., 2003;
Mikoushkin et al., 2008). The difference of the spectra 2 and 1 (curve 3) shows growth of the
discussed contribution at Eg(N1s) = 397.3 eV as a result of Ar* ion bombardment of the film.
Therefore, the conclusion was made that essential contribution of the phase of narrow band
gap GaAsy..Ny alloy was revealed in the film besides the dominating phase of the wide band
gap GaN.
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Fig. 3. N1s photoemission spectrum of GaAs implanted by nitrogen ions (curve 1, a) and its
decomposition (b), spectrum of the implanted layer followed by Ar* ion bombardment

(curve 2, a) and their difference (curve 3, a). The energy of implanting N>* and bombarding
Ar+ ions is E; = 1500 eV. The photon energy hv = 501.3 eV.

Fig. 3b demonstrates decomposition of the NIs spectrum of the nitrided layer
corresponding to curve 1 in Fig.2a into contributions of different chemical phases. The
decomposition gave the N1s binding energy Eg(N1s) = 397.5 eV in GaAs;.\Nx alloy which
turned out to be very close to the data of XPS measurements (~397.3 + 397.8 and 397.6 eV) of
single-phase dilute alloys GaAs;..Nyx with x = 0.04 and x = 0.01 grown by MBE in Ref.
(Spruytte at al., 2001; Veal at al., 2004), correspondingly. Advantage of the present
measurements is that the difference (0.8 eV) with the energy of GaN was obtained in one
experiment and in one sample. The obtained information is necessary for diagnostics of the
GaAs nitrides which is complicated by small energy difference of these chemical states and
large spread in the binding energies published for GaN and other nitrides by different
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authors. Comparison of the binding energies obtained in this work for alloy in as prepared
nitride layer (397.5 eV) and in the layer with lower nitrogen concentration after
bombardment by Ar* ions (397.3 eV) points out to some natural dependence of the GaAs.
Ny alloy binding energy on the nitrogen content: the higher content x, the lower energy
Ep(Nl1s).

Decomposition of the N1s line gave also the portion of nitrogen in alloy ~ 10+ 15 at.% in the
conducted experiment, which provides at list 30 at.% of the alloy contribution. Taking into
account the total concentration of nitrogen [N] ~ 25 at.%, and the ratio of GaN and GaAs.
«Nx phases (~ 0.6/0.4), which follows from the decomposition of Ga3d spectrum (Fig.2), the
content of nitrogen in alloy GaAsi..Nx was estimated to be x ~ 0.10. This value is high
enough to decrease the band gap of the alloy below the value A =1 eV (Bi & Tu, 1997; Sik at
al., 2001).
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Fig. 4. Scheme of the nanostructure GaAsN/GaN formed on the GaAs surface as a result of
implantation of low energy nitrogen ions Ny*.

The revealed phase of GaAsi.Ny alloy is generated on the atomic level due to segregation of
atomic complexes into clusters. The characteristic size of the clusters cannot be more than
the thickness of the nitrided layer. Thus we came to the conclusion that the fabricated
nitrided nanofilm being a system of the narrow band gap clusters of GaAs; Ny (x ~ 0.10)
alloy in the wide band gap matrix of GaN is characterized by the main attribute of a
quantum dot system. Fig. 4 shows a scheme of the nitrided layer formed on the GaAs
surface by implantation with low energy nitrogen ions Ny*. The film thickness shown
corresponds here to the length of nitrogen depth profile calculated by SRIM codes which is
essentially longer than the SRIM projected range (see below). The implanted layer contains
comparable contributions of two phases and represents a quantum dot like nanostructure
GaAsN/GaN rather than an entire GaN film assumed in many former publications.

Conclusions. As a result of the conducted research, in situ chemical composition diagnostics
of the GaAs nitrides has been developed using high resolution synchrotron radiation based
photoelectron spectroscopy. Chemical phases of GaN, GaAsN and GaAs were distinguished
by electron spectroscopy for the first time. Core level binding energies in GaAs;Nx (Eg = 397.5
eV) and in GaN (E, = 396.7 eV) and their difference (AEg = 0.8 eV) were measured in one
experiment with high accuracy. The model of chemical composition and atomic structure of
the nitrided layers fabricated by implantation with low energy Na* ions into GaAs surface has
been essentially improved. We revealed that the nitride nanolayer is not an entire GaN layer. It
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consists of the narrow band gap clusters of GaAsi..Nx (x ~ 0.10) alloy in the wide band gap
matrix of GaN, which makes the nanofilm similar to a quantum dot system.

3. Auger diagnostics of chemical composition of GaAs nitride nanolayers

Introduction. The research described above showed that low energy ion implantation makes
it possible to fabricate nitrided layers with large contribution of the phase of dilute alloy
GaAsixNx (x ~ 0.10). Moreover, this alloy is characterized by high concentration x of
nitrogen and by the narrow band gap desirable for infrared optoelectronic applications.
High nitrogen concentration in alloy seems to be a result of specificity of implantation
technology allowing fabrication at room temperature, which prevents the alloy decay. The aim
of the next step of research was to increase the contribution of GaAsN alloy in the nitrided
layer. To solve this problem, some measures were undertaken. For example, initial enrichment
of the substrate surface by gallium and the total nitrogen concentration in implanted layer was
reduced by some increasing the energies of etching and implanting ions.

Unfortunately synchrotron radiation based diagnostic methods are not easily available for
routine experiments. Therefore, diagnostics of the GaAs nitrides on the basis of ordinary
Auger Electron Spectroscopy (AES) was planned to be developed. The drawback of AES for
chemical analysis is large natural width (against chemical shifts) and complicated shape of
Auger lines. Fortunately, considerable relaxation shifts of Auger lines in nitride compounds
make it possible to distinguish them from each other (Aksenov at al., 1998, 1999;
Mikoushkin at al.,, 2008). Energies of Auger transitions in nitride compounds were
determined in the conducted experiments and quantitative Auger diagnostics of chemical
composition of nitrided nanolayers was developed (Mikoushkin, 2011).

Experimental details. The experiments were carried out in an electron spectrometer LHS-11
(Leybold AG) equipped with a hemispherical energy analyzer, in which the residual
vacuum in the analytical chamber was P < 2 x 10-10 Torr. The native oxide removing, sample
surface cleaning and nitrogen ion implantation were performed in a technological chamber
(P ~ 2 x 10° Torr) equipped with a Penning type ion gun IQP-10/63 (Leybold AG)
generating a beam with the diameter exceeding the sample target size. The object under
study was the epitaxial film of GaAs (100) analogous to that grown in Ref. (Gordeev, 2003).
The film was grown at loffe Institute at substrate temperature of 580 °C to a thickness of 100
nm on semi-insulating GaAs (100) substrate using Intevac Gen II MBE system (Zhukov,
2001). The crystalline structure was controlled by conventional High Energy Electron
Diffraction system. The procedure of the surface cleaning with Ar+* ions is known to unify
the surface layer of GaAs and to result in formation of reproducible properties of the layer,
characterized by amorphous structure and essential enrichment by gallium atoms. The
energy of Ar+* ions E; = 2500 eV was taken to be high enough to prevent large enrichment of
the surface by gallium and to eliminate conditions for efficient creation of GaN phase during
nitridation. Then the film was implanted at room temperature by N>* ions at normal
incidence, with the dose of implanted ions Q ~ 107 cm2 sufficient for saturation of the near-
surface layer with nitrogen (DeLouise, 1992). All the operations were controlled by
measuring the Auger spectra of the main elements, GaLMM, AsLMM, NKVV, and those of
possible impurities, OKVV, CKVV. The Auger spectra were recorded relative to the Fermi
level in the mode of constant relative energy resolution (AE/E = const). This mode enabled
us to use the known coefficients for the “peak-to-peak” line intensities to obtain element
composition of the material (Davis at al., 1976). Positions of GaLMM and AsLMM Auger
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lines (Ea = 1066.3 and 1224.7 eV, correspondingly) of the GaAs surface prepared coincided
with those known for surfaces prepared by chemical etching and crystal cleavage (1066.2
and 1224.5 - 1225.0 eV, respectively) (Briggs & Seah, 1983) indicating negligible surface
charging under the diagnostic beam. The energy of the implanted ions E; = 2500 eV was
taken also somewhat higher than typical energies used in former low energy implantation
experiments. It provided relatively large thickness of the nitrided layer which was estimated
by SRIM code as the projected range of nitrogen ions d ~ 3.6 nm (Ziegler at al., 1985). Thus,
the mean free path of the detected electrons A ~ 1.5 nm was markedly less than the thickness
of the nitrided layer, and the experiment was performed under the conditions when the
electrons ejected by only nitrided layer were collected without any contribution from the
GaAs substrate. The choice of the relatively high energy of the implanted ions (E; = 2500 eV)
resulted also in twofold reduction of the total nitrogen concentration in the nitrided layer as
compared to the maximum concentration achieved at energies below 1000 eV. The lack of
nitrogen prevents creation of GaN and decay of GaAsN, which was assumed to help
domination of GaAsN alloy in the nitrided layer aimed at in the research. A special
experiment was performed by Electron Energy Loss Spectroscopy to confirm the
information about chemical composition of the film by the analysis of plasmon spectra.

Analysis of Auger spectra. Formation of GaN in nitrided layers was confirmed in the previous
studies of low energy implantation of nitrogen into GaAs by the chemical shift of Ga3d
photoelectron line and the corresponding change of the Ga3d binding energy AEgg = 0.7+0.4
eV (e.g. Li et al., 2001; Mikoushkin at al., 2009). Fig. 5 shows a significantly larger shift AEx =
3.5 eV of GaLMM Auger line resulting from N>* ion bombardment. This Auger line shift is
caused by the large change in the extra-atomic relaxation energy related to the change in the
response of the whole electron system to creation of a vacancy in core level. Therefore the
shift AEx = 2.4 eV of the AsSLMM Auger spectrum represented in Fig. 6 is of the same order
despite the restricted involvement of arsenic into the creation of new chemical bonds
accompanied by the insignificant chemical shift of photoelectron As3d line (Li at al., 2001;
Kumar at al., 2009; Mikoushkin at al., 2009).
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Fig. 5. GaLMM Auger spectra of GaAs (right curve) and GaAs implanted by nitrogen ions
with energy E; = 2500 eV (left curve). The last one is decomposed into different contributions
(dotted curves). The linear background is subtracted. The electron energy is measured
relative to the Fermi level.
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Fig. 6. AsLMM Auger spectra of GaAs (right curve) and GaAs implanted by nitrogen ions
with energy E; = 2500 eV (left curve). The last one is mainly described by one contribution
(dotted curve). Energy positions of Auger lines in AsN, As;O3 and As were taken in Ref.
(Aksenov et al., 1999; Briggs & Seah, 1983).

Analysis of GaLMM and AsLMM spectra was performed by means of their decomposition
into contributions corresponding to the chemical phases which should be expected in the
nitrided layer: GaN, GaAsN, GaAs, AsN, As. Auger spectra of these contributions were
approximated by the spectra of GaAs (elementary spectra) centered at the known energy
positions or in the range of the values published in literature. Thus the shape and width of
the elementary spectra were kept constant, whereas their relative intensity and energy
position were varied for better agreement of the model with the experimental spectra. The
assumption about the independence of the shape and width of the spectra from the chemical
state seems to be reasonable since these Auger transitions involve only core levels. Fig. 6
shows that ASLMM Auger spectrum of nitrided layer is mainly described by one line
without essential contributions of GaAs, As and AsN phases. As was mentioned in previous
part, absence of AsN was also reported in several studies of nitrided layers fabricated by
low energy implantation (DeLouise, 1992; Hecht et al., 2001; Li et al., 2001; Kumar et al.,
2009). Therefore the chemical state of arsenic at Ex = 1222.6 eV shown in Fig. 6 should be
assigned to GaAsN. This conclusion can be made irrespective of the information about the
position of the Auger line in AsN given in Ref. (Aksenov et al., 1998, 1999) and of the
previous results cited. Indeed, AsN cannot be a dominant state of arsenic because the
concentration of As atoms in the layer studied exceeds that of nitrogen atoms and exceeds
manifold the concentration of nitrogen atoms unbound with Ga. Since the main state is not
GaAs, it should be attributed to GaAsN (Mikoushkin, 2011).

GaLMM spectrum also does not show any presence of GaAs, but it cannot be described by
one line (Fig. 5). Decomposition of the spectrum shows additional contribution at lower
kinetic energy Ex = 1060.5 eV besides the main line at Ex = 1062.8 eV. These lines were
attributed to GaN and GaAsN phases, respectively, as the energy of Auger transition in
GaN should be less than that in GaAsN because of larger core level chemical shift. The same
sequence of Auger energies in these compounds follows from Ref. (Aksenov et al., 1998,
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1999): Ea (GaN) =1062.7 eV and Ea (GaAsN) =1063.0 + 1065.5 eV, though these values differ
from the values obtained in this work. Thus, analysis of GaLMM and AsLMM Auger-spectra
of the nitrided layer showed minor contributions of GaAs, As and AsN phases, confirmed
formation of two nitrides observed earlier in Ref. (Majlinger et al., 2008, 2009; Mikoushkin et
al., 2009) and revealed domination of the phase of GaAsN alloy in the layer studied.
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Fig. 7. a). NKVV Auger spectra of GaAs implanted by nitrogen ions with energy E; = 2500
eV (1) and bombarded by Ar+* ions with energy E; = 2500 eV and increasing doses (2, 3, 4).
b). NKVV Auger-spectrum of implanted GaAs (1) decomposed into different contributions
(dotted lines). The linear background is subtracted.

GaN and GaAsN phases were identified unambiguously in NKVV spectra. Fig 7a shows
NKVV Auger spectrum of GaAs after implantation (1). The spectrum demonstrates doublet
structure in the region of the maximum which becomes even more reliably pronounced
upon double differentiation and is indicative of the presence of two intense lines in the
central part of each spectrum and two less intense components in the high energy wing.
This shape is repeated in other NKVV spectra (2 - 4) measured in the course of etching the
layer by Ar* ions. NKVV Auger spectra of nitrides are known to consist of two peaks of
different intensity: the main and satellite ones (e. g., Aksenov et al., 1999). Therefore the
experimental spectrum was modeled by two double peak elementary spectra with the main
lines centered close to the above mentioned peculiarities in the central region of the
experimental spectrum. The shape and width of the elementary spectrum were fixed again,
while the intensity and position were varied. Fig. 7b gives an example of the spectrum
decomposition, from which it can be seen that the sum of the elementary spectra (dotted
curve) well describes the experimental spectrum (thick solid curve). Analysis of NKVV
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experimental spectrum shows two contributions with main peak positions at Ex = 379.8 +
0.2 and 382.8 + 0.2 eV. The first one coincides with the NKVV Auger energy of GaN and the
second one turns up in the interval of Auger energies Ex = 381.5 + 383 eV of disordered
GaAsN phase generated in plasma nitridation of GaAs surface (Aksenov et al., 1998, 1999).
Fig. 7b shows that the major part of nitrogen atoms is contained in GaN phase, which is in
agreement with the results of the former studies of low energy ion nitridation of GaAs
surface. The conducted analysis enabled us to determine the energies of NKVV Auger-
transitions in GaN and GaAsN in one experiment with one sample, with the accuracy
sufficient for reliable identification of these phases without referring to synchrotron
radiation facilities.

Relative intensities of the elementary spectra in the decomposed NKVV spectrum give
distribution of nitrogen atoms in GaN and GaAsN phases: [N]cax = 0.7 and [N]caasy = 0.3.
The concentration of chemically bound nitrogen atoms in the implanted layer was estimated
to be [N] ~ 12 at %. Hence, the concentrations of GaN and GaAsN are: [GaN] ~ 12 * 0.7 *2 =
17 at.% and [GaAs;xN,] ~ 83 at.%, which is in qualitative agreement with the result of the
less accurate decomposition of the GaLMM spectrum represented in Fig.5: 25/75 at.% . The
content of nitrogen in alloy is [N]caasn ~ 12 * 0.3 = 3.6 at %, hence x ~ 0.09. Thus, a nanofilm
consisting mainly of dilute alloy GaAs;..N, with high concentration of nitrogen x ~ 0.09 was
fabricated by low energy ion implantation.

Analysis of EELS spectra. A critical point in quantitative characterization of the chemical
composition of the nitrided layer is the reliability of the conclusion made above about the
negligible contribution of GaAs chemical phase. In contrast to the present study, an
intensive signal of GaAs in photoelectron spectra was detected in former works, though it
was explained by the contribution of GaAs substrate due to comparability of the mean free
path of the photoelectrons with the thickness of nitrided layer. Experimental conditions of
this work exclude the contribution of the substrate. But the phase of GaAs can be formed
due to the low stability of alloy with high nitrogen concentration against external impacts
such as ion bombardment: GaAs; Ny — (1-x)GaAs + xGaN (Mikoushkin et al., 2008).
Decay of alloy also enhances the content of the more stable chemical phase of GaN
characterized by lower Gibbs energy. On the other hand, the fact of low GaAs concentration
is the evidence of the reverse process of alloy creation. This process can be induced by
secondary ion cascades generated by implanted ions. Ion cascades induce mixing atoms of
the material, input of energy into the system and formation of the GaAsN phase. To confirm
the possible role of ion cascades in forming nitride layer by low energy implantation, minor
contribution of GaAs and other results of the conducted chemical analysis, an additional
experiment with using Electron Energy Loss Spectroscopy (EELS) was performed. Fig. 8
shows EELS spectra of GaAs before and after implantation. The main peak of the spectra
corresponds to the bulk plasmon. The plasmon energy of the implanted layer 7iw = 17.8 eV
proved to be between the plasmon energies 7iw = 15.5 eV and 7w = 19.5 eV (Sanchez et al,
2004) of GaAs and GaN, respectively. Decomposition of the implanted layer spectrum was
done using GaAs spectrum as the elementary one for all constituents. The small contribution
of transitions from Ga3d core level into unoccupied states revealed in GaN in Ref. (Sanchez
et al, 2004) was added for better agreement of calculated and experimental spectra. The
relative intensity of elementary spectrum in the decomposition is proportional to the
corresponding fraction of the chemical phase. Fig. 8 shows contributions of GaAsN (main
contribution), GaN (minor contribution) and GaAs (marginal contribution). Thus the
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conclusion about the domination of the GaAsN alloy in the implanted layer has been
confirmed by the data of EELS experiment.
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Fig. 8. EELS spectra of GaAs (left curve) and GaAs implanted by nitrogen ions with energy
E; = 2500 eV (right curve). The last one is decomposed into different contributions (dotted
lines). The background of multiply scatted electrons is subtracted.

Conclusions. Thus, analysis of NKVV Auger spectrum of nitrided layer fabricated by low
energy implantation revealed well resolved features associated with two compounds, GaN
and GaAsN, characterized by small difference in core level chemical shifts. This made it
possible to determine the energies of Auger transitions in these compounds in one
experiment, with the accuracy being sufficient for reliable separation of corresponding
contributions into experimental Auger line. Decomposition of NKVV Auger spectrum
showed that GaN phase contains the major part of nitrogen atoms (~ 70%), which
qualitatively agrees with former studies of implanted layers by XPS and is the evidence of
reliability of the conducted Auger analysis. The experimental conditions, which ensured
that the detected electrons did not contain signal of GaAs substrate, made it possible to
determine the overall chemical composition of the nitrided layer. It proved to be a nanofilm
with the thickness of about 4 nm, consisting mainly of dilute alloy GaAs;..Nx with high
concentration of nitrogen x ~ 0.09. High nitrogen concentration x implies formation of the
narrow band gap (Eg < 1 eV) of the material. Domination of the nitrogen rich GaAs;Nx
alloy in the nitrided layer was assumed to be provided by secondary ion cascades generated
by implanted ions. The obtained results were confirmed by the analysis of EELS spectra of
the nitrided layer. Thus it has been shown that the low energy implantation technique is a
promising way for fabricating dilute GaAs;Ny alloys with high nitrogen concentration.

4. Formation of GaAs,N,., nanolayer on GaAs by manipulations with N, and
Ar" ion beams

Introduction. The nitridation by low energy implantation of the epitaxial GaAs film
described in previous section enabled obtaining the nitrided layer containing of about 80
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at.% of dilute alloy GaAsi..Ny with high nitrogen concentration x ~ 0.09. Surprisingly, the
ordinary Auger electron spectroscopy proved to be an efficient tool for in situ diagnostics of
chemical composition of GaAs nitrides. These two important results favored development
of the implantation technology for fabrication of entire nanofilms or the nanofilms mainly
consisting of dilute alloy GaAsi«Nx . The research devoted to this development resulted in
enhancement of the GaAs;..N, alloy content up to 98 at.% due to chemical effect of “inert”
Ar* ion beam on nitride nanolayers (Mikoushkin, 2010). This effect is caused in particular by
the material homogenization due to intermixing of chemical phases by ion cascades
efficiently generated by heavy argon ions. As a result of the nitrided layer modification, the
major part of nitrogen goes from GaN to GaAs;..Ny .

Experimental details. The research was a continuation of the experiments described in
previous section. Bombarding the sample surface with Ar* ions was performed directly in
the analytical chamber using a scanning beam of the ionization type ion gun IQE-12/38
(Leybold AG). The ion energy was E; = 2500 eV. The concentration of nitrogen in the
implanted layer was [N] ~ 12 at.% and decreased to [N] ~ 2.5 at.% upon the bombardment
with argon ions. The task of determining the chemical state of nitrogen in the implanted
nitride layer was solved by the method of AES described above.

Analysis of depth profiles of the film chemical composition. Determining the thickness of
fabricated nanofilms is of particular importance in their characterization. Rough estimation
of the thickness considered as the projected range of ions was made by SRIM code (Ziegler
at al., 1985). It is d ~ 3.6 nm for the nitrogen N»* ions with energy E; = 2500 eV. More
accurate determination of the nitrided nanofilm thickness was made in this research by
TRIM code calculations (Ziegler at al., 1985) of the dependence for the nitrogen
concentration on the distance to the surface, or the nitrogen depth concentration profile.
This depth profile normalized to the irradiating flux is shown in Fig. 9. The figure shows
that real thickness of the implanted layer essentially exceeds the projected range d ~ 3.6 nm.
The layer thickness considered as the full width at half maximum of the profile proved to be
twice as much as the projected range: h ~ 8.5 nm.

Fig. 9 also shows the analogous depth profile for argon implanted into GaAs with energy E;
= 2500 eV which was calculated with the assumption that argon did not sputter the layer.
Comparison of the profiles for argon and nitrogen results in conclusion important for the
described experiment devoted to modification of the nitrided layer by Ar* ion
bombardment: Ar* ions mix all atoms of the nitrided layer throughout the whole thickness.
For further analysis of the modification process, one should take into account two processes
induced by ion bombardment: (i) spattering the upper layer, and (i) hammering atoms into
deeper layers. These processes result in gradual diminishing the nitrogen concentration in
the layer with retaining its thickness.

To analyse the chemical composition of the layer under modification, Auger spectra should
be considered again. Some of the NKVV Auger electron spectra measured in this study were
shown in Fig. 7a. Curve 1 corresponds to the spectrum of as prepared nitride layer. Curves 2
- 4 were obtained after the bombardment of the nitride layer by Ar* ions for 3, 7, and 12
min, respectively. A quantitative analysis of the revealed nitride phases was carried out by
the spectra decomposition described above. The ratios of areas under the elementary spectra
correspond to the content of nitrogen atoms in the revealed nitride phases. Decomposition
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of the as prepared nitrade film showed that only about 70% of nitrogen atoms enter into the

GaN phase and about 30% of nitrogen is contained in the GaAsN phase.

<d>=3,6 nm

6

2
)
-
o
X
oY
[S)
T

1,0x10°

(Atoms/cm®)/(Atoms/cm

5,0x10° -/

0,0 + 1

E, = 2500 eV

<h>=8,5nm

0 50

Depth, A

100

150

Fig. 9. Depth concentration profiles for nitrogen and argon implanted into GaAs with
energy E; = 2500 eV which were calculated by TRIM code (Ziegler at al., 1985).

As can be seen from Fig. 7a (curves 2 - 4), the bombardment of the nitride layer by Ar* ions
leads to a redistribution of the intensities of the main nitride components, which is related to
an increase in the fraction of the GaAsN phase. Fig. 10 shows plots of the relative content of
nitrogen in the GaN and GaAsN phases versus duration of the sample bombardment by Ar*
ions. In addition to the scale of irradiation duration, Fig. 10 also presents the scale of
evaluated depth of the sputtered (etched-off) layer. This scale was calibrated to the TRIM
calculated profile assuming that a decrease by half in the concentration of nitrogen in the
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ions.
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nitride layer approximately corresponded to the average depth (h) of nitrogen ion
penetration. The data in Fig. 10 demonstrate the chemical effect of an argon ion beam on the
nitride layer, which leads to a gradual disappearance of the GaN phase and a growth of the
GaAsN phase. As a result of this treatment, the distribution of nitrogen between the two
phases changes to the opposite.

Quantitative elemental and chemical composition of the nitrided layer and its variation in Ar*
bombardment were determined in our experiment. Fig. 11 shows dose-dependencies of the Ga
and As concentrations as well as the content of the main chemical phases GaN and GaAsN.
Concentration of nitrogen is a difference between Ga and As concentrations. One can see that
the initial nitrided layer contains ~83 at.% of GaAsN alloy. But the treatment of the layer by Ar*
ion beam enhances this contribution above 98 at.%. The nitrogen content in GaAs;..Ny alloy
proved to be relatively high ranging from x ~ 0.09 to x ~ 0.04 in the course of Ar* bombardment.

The observed effect of the argon induced alloy formation can be explained by the
intermixing of chemical phases (clusters of substances with different compositions) by ion
cascades that are effectively generated by the heavy argon ions (Gordeev et al.,, 2003;
Mikoushkin et al., 2008). In addition to the indicated chemical phases, this cascade process
involves (i) residual (substituted) arsenic atoms not sputtered during the implantation and
(ii) GaAs phase, the fraction of which increases as the nitride layer is sputtered by the argon
ion beam and atoms of the GaAs substrate are involved in the process:

GaN + GaAsN + As + GaAs — GaAsN. (1)

The resulting solid solution is characterized by a greater relative content x of nitrogen and,
hence, becomes unstable and exhibits partial decomposition (Mikoushkin et al., 2008):

GaAs1xNx — x GaN + (1-x) GaAs )

The dynamic equilibrium of the processes (1) and (2) results in the distribution of nitrogen
between the two nitride phases presented in Fig. 10. As the material is sputtered and the
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Fig. 11. Plots of the relative content of the main elements and chemical phases in the nitrided
layer versus duration of the sample bombardment by Ar+* ions.
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nitrogen concentration [N] in the nitride layer decreases, the nitrogen concentration in
GaAs1«Ny alloy drops, this solution becomes stable, and its relative fraction increases.

Conclusions. Using the procedure of in situ Auger control, it has been established that only
about 70% of nitrogen atoms of the nitrided layer prepared by implantation of N>* ions with
energy E; = 2500 eV into an epitaxial layer of GaAs(100) is contained in the GaN phase. The
remaining 30% enter into a GaAsN solid solution. It is established that the bombardment by
accelerated argon ions produces a chemical effect on the nitride layer, which is related to a
cascade mixing of the material. As a result, the nitrogen distribution between these
competing phases changes to the opposite and the phase of GaAsN alloy becomes
completely predominating. Finally, the 8 nm thick nitrided film consisting as far as 98 at.%
of GaAsi.xNy alloy with relatively high nitrogen concentration x ~ 0.04 has been fabricated
by low energy implantation technique.

5. Conclusion

In situ quantitative chemical composition diagnostics of the nitrided nanolayers has been
developed using high resolution synchrotron radiation based photoelectron spectroscopy
and ordinary Auger electron spectroscopy. Chemical phases of GaN, GaAsN and GaAs
were distinguished for the first time in nitrided layers formed on the GaAs surface by Nx*
low energy ion implantation. Core level binding and Auger energies for these phases were
measured in one experiment with high accuracy which made possible the developed
diagnostics of the GaAs nitrides. We revealed that 5 nm thick nitride nanolayer created at
high vacuum conditions by implantation of N>* ions with energies below E; = 1500 eV into
GaAs(100) surface at room temperature is not an entire GaN layer. It consists of the narrow
band gap clusters of GaAs;.Ny alloy with high nitrogen concentration x ~ 0.10 in the wide
band gap matrix of GaN. This system has a sign of a system of quantum dots. The
implantation of N,* ions at an energy of E; = 2500 eV into an epitaxial layer of GaAs(100)
was shown to form a nitride layer with a thickness of about 8 nm. Auger diagnostics for
quantitative chemical analysis of the nitrided layers has been developed using the values of
NKVV Auger energies in GaN and GaAsN chemical phases measured in one experiment,
with the accuracy being sufficient for separating their contributions into the experimental
spectrum. Using this diagnostics, it has been established that 70% of nitrogen atoms in the
nitrided layer is contained in the GaN phase. The remaining 30% enter into a GaAs;.xNy (x ~
0.09) alloy. Nevertheless the alloy proved to be a dominant phase (> 80 at %) with inclusions
of GaN clusters. It was established that the bombardment by accelerated argon ions
produces a chemical effect which is related to a cascade mixing of the material. As a result of
the nitride layer modification the distribution between these competing phases changes to
the opposite and the domination of GaAs; Ny alloy becomes absolute (> 98 at %). Thus, the
possibility of fabrication of the narrow band gap GaAs;..Ny dilute alloy nanofilms with high
nitrogen concentration x was demonstrated with the help of low energy ion implantation.
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1. Introduction

This chapter deals with the experimental study of ion implantation into wurtzite AlInN,
grown by metal organic chemical vapor deposition (MOCVD) technique. III-nitride alloys
(AlGaN, InGaN and AlInN) are the materials which provide tunable energy band gap,
effective mass of the carriers, lattice and dielectric constants depending upon the alloy
composition. Unlike AlGaN and InGaN, little attention has been paid to the study of AlInN
because of the growth related problems. The first ever AlInN layer in the form of
polycrystalline film was grown and reported by Starosta in 1981 when he fabricated such
layers by means of radio-frequency (RF) reactive multi-target sputtering [1]. Later, Kubota et
al reported high quality growth of Al;—In,N layers by RF magnetron sputtering in 1989 and
demonstrated the compositional dependence of band gap and lattice constant in the whole
composition range x = 0 to 1 [2]. Following these earliest efforts, many groups engaged
themselves for the growth and characterization of AlInN layers [3, 4].

AlInN is a potential direct wide band gap compound semiconductor material for high
power, high frequency and high temperature applications in electronic and optoelectronic
devices due to its exceptional physical and chemical properties [5, 6]. The property which
makes III-V nitrides prominent over the other compound semiconductors is the availability
of wide band gap range from 0.7 eV (InN) to 6.2 eV (AIN), covering emission wavelengths
from infrared (IR) to UV [7]. AlInN is the only III-nitride alloy which has ability to be grown
perfectly lattice matched to GaN for indium content of 17-18 % [2]. In lattice matched
composition, AlInN has larger band gap and higher refractive index with respect to GaN
which makes this alloy attractive for several photonic applications [8, 9].

The fabrication of many of the devices mentioned above requires efficient, controlled and
selective area doping. Although doping during the growth of materials can be performed
but doping by ion-implantation offers several advantages, which can not be achieved by in-
situ doping of Ill-nitrides. The low solubility of transition metal ions into III-V
semiconductors (>1018cm-3) has put limits on their doping for achieving variety of magnetic
semiconductor materials. Fortunately, ion implantation equipped with several added
advantages has potential to act as an alternate technique [10]. Incorporation of any dopant
atom at any desired depth of material with known concentration above solid solubility
limits and selective area doping are advantages of doping by ion-implantation [6].
Furthermore it offers additional processing benefits like, electrical isolation, dry etching,
quantum well intermixing and ion cut etc. Along with several unique benefits of ion
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implantation there are disadvantages like lattice damages and production of new defects
[11]. A well established remedy to remove the implantation induced damages is the thermal
annealing of the samples. The optical, electrical and magnetic activation of dopants is also
achieved by the thermal annealing. There are several parameters that have to be taken into
account for successful optimization of annealing to recover the lattice, e.g. annealing time,
annealing temperature, annealing atmospheres, sample thickness, cap layers and
implantation parameters.

In order to enhance the functionality of devices, scientists have shown a great enthusiasm to
exploit the spin of electrons [12]. The communication between microelectronic devices
occurs by the flow of charges; however the movement of spin can also be used to carry
information among devices [13]. This has opened the possibility to utilize the charge and
spin degrees of freedom simultaneously, to realize a new generation of electronic devices
known as spin-electronic or spintronics [14]. The diluted magnetic semiconductors (DMS)
are a class of materials in which small quantity of magnetic ions is introduced into normal
semiconductors, are found suitable for spintronic device applications [15]. The most
investigated DMS are (GaMn)As and (InMn)As but these suffer from the limitation of Curie
temperature and disqualify for use in the practical spintronic devices [16, 17]. Dietl in year
2000 have predicted the possibility of Curie temperature above room temperature in GaN
based DMS and provided new basis for DMS research [18]. Extremely high Curie temperature
of around 940 K has been reported in 2002 for wurtzite GaN doped with Mn [19]. Unlike other
nitride alloys, only few reports are available in the literature, on ion implantation into AlInN
[20, 21]. The production and variation of residual strain caused by ion implantation in
semiconductor crystals has been observed [22]. Lorenz et al have reported that the strain state
of AlIn;,N/GaN switches from tensile to the compressive when &' shifts from negative to
positive on increasing the indium content beyond 17% [23, 24] have reported the electrical
isolation of implanted AlInN but no report is available on the other areas like doping,
microstructural changes and defect studies in this implanted material.

2. Background
2.1 Group llI-Nitride semiconductors

Group III-Nitride semiconductors are the compounds of metals from group-IlI with
nitrogen (group-V) which offer the binaries GaN, InN, AIN ternaries AlInN, AlGaN, InGaN
and quaternary AlInGaN. The strong polarity of III-N bond makes these materials
chemically stable and physically tolerant for the devices to work at high temperature, high
frequency and in hostile environment [25]. These materials have earned the extensive
research and industrial interest due to their promising technological capabilities for the
electronic and opto-electronic devices [26]. Current applications of Ill-nitrides include
ultraviolet/visible laser diodes, ultra-bright LEDs, UV detectors, high temperature
electronics, high-density optical data storage, aerospace and automobiles technologies [6]. A
variety of growth techniques have been used to achieve Ill-nitrides since 1862 when AIN
powder was first made [27].

The choice of a lattice matched and thermally compatible substrate is a critical requirement
for the homoepitaxial growth of semiconductors. Unfortunately, no such substrates are
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available for IlI-nitrides which have made heteroepitaxial growth, a practical necessity that
puts limits on the quality of these materials. Along with the lattice and thermal
compatibility, substrate should have some other qualities like, reasonably flat surface with
minimum size of two inch diameter and ability to withstand high concentration of ammonia
and hydrogen at elevated temperatures. Many substrate materials like Si, NaCl, GaP, InP,
W, ZnO, MgAl,O,, TiOz, MgO, SiC, ALLOs etc have been tested for the heteroepitaxial
growth of IlI-nitride [5]. However, sapphire and silicon carbide are the most popular
materials for Ill-nitride heteroepitaxy on the basis of the pre-suppositions mentioned above.

III-nitrides can be crystallized into wurtzite, zincblende and rocksalt structures. However,
under ambient growth conditions, wurtzite is the thermodynamically stable crystalline
structure for these materials. The wurtzite structure has hexagonal unit cell containing 6
atoms of each type, with in-plane and out-of-plane lattice parameters ‘a” and ‘c’ respectively.
The space group of wurtzite structure is P6smc (Cg, ). The wurtzite crystal structure consists
of two interpenetrating hexagonal closed pack sub-lattices, off-set along c-axis by 5/8 of the
cell height. Each group-Ill atom is coordinated by four nitrogen atoms in tetrahedral
arrangement.

2.2 Aluminum indium nitride (AlInN)

Aoming Ill-nitride alloys AlGaN, InGaN and AlInN, little attention has been paid to the
study of AlInN because of the growth related problems. AlInN layers suffer crack formation
and phase segregation due to large mismatch between InN and AIN. Following these
earliest efforts [1, 2] many groups engaged themselves for the growth and characterization
of AlInN layers [3, 28] A schematic structural sketch of AlInN is shown in figure 1.

Fig. 1. Crystalline structure of AlInN (a) pure (b) Mn doped

The energy band gap of AlInN can be tuned at any value between the band gaps of InN
(0.63 eV) [ref. 29] and AIN (6.2 eV) [ref. 30] which makes the material a promising candidate
for several electronic and optoelectronic applications. Owing to the unique qualities, AlInN
based structures are expected suitable for AlInN/GaN superlattice that can be used for
applications in near IR devices based on inter-sub-band transitions [31], distributed Bragg
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reflectors (DBRs) [8], high quality factor microcavities [32] and high electron mobility
transistors (HEMTs) [31]. The composition ‘x” of Al;—In,N alloy is usually found from a
linear interpolation between the relaxed bulk lattice constants of pure AIN (a=3.112 A,
c=4.982 A) and InN (2=3.548 A, c=5.760 A) by assuming a linear relationship between the
ternary composition and its lattice parameters. This method is known as Vegard’s law [33].
However, it is suggested to use the Vegard’'s law carefully due to the phenomenon of band
gap bowing, which gives the alloy composition lower than that calculated from Vegard’s
law [34]. The wurtzite Ali—In,N is a material having direct energy gap Eg of 0.7 <E;< 6.2 eV
at 300 K [29]. The lattice parameters ‘a’ and ‘c’ lie in the range 3.112 <a< 3.548 A and 4.982 <
€< 5.760 A respectively. The band gap and lattice parameters can be tuned by changing the
indium mole fraction x” in the alloy. The band gap bowing phenomenon observed due to
the deviation from Vegard’s law is usually quantified by a bowing parameter ‘b” which can
be estimated by using the relation [35].

Eg(eV) = nglMN +(1 —x)Eg’AlN —bx(1-x)

High resolution X-ray diffraction has been proved to be successful in strain measurements
of epitaxial films [36, 37]. The ‘a” and ‘c’ lattice constants are usually found from skew-
symmetric and symmetric XRD reflections respectively. Both the biaxial in-plane and out-of-
plane strain can be determined by using the relations &= 7% and &'=

a

c—c,

c

0 o

respectively, where 4, and c, are the respective in-plane and out-of-plane lattice constants of
unstrained relaxed bulk material [38].

2.3 lon implantation into lll-nitrides

Ion implantation into semiconductors offers a multipurpose processing tool used for the
selective area doping, electrical isolation, dry etching, quantum well intermixing and ion cut
etc [39]. William Shockley was the first who introduced ion implantation for doping of
desired atoms into semiconductor materials. He got his technique registered as a patent in
1954 and later first commercial Ion-implanter was launched to the market during 1970s.
Figure 2 highlights the suitable elements in the periodic table for implantation into
semiconductors [10].

2.4 lon implantation into AlinN

Unlike other nitride alloys, AlInN has not gain a considerable research interest from the
implantation point of view, possibly due to its poor crystalline quality. The change in strain
caused by the implantation and thus variation of the tetragonal distortion (&' =& —&)
provides valuable information about the structural properties of implanted material. The
production and variation of residual strain caused by ion implantation in semiconductor
crystals has already been observed [22]. Lorenz et al have reported that the strain state of
AlIn;.N/GaN switches from tensile to the compressive when &' shifts from negative to
positive on increasing the indium content beyond 17% [23]. Pearton et al [24] have reported
the electrical isolation of implanted AlInN but no report is available on the other areas like

doping, microstructural changes and defect studies in implanted material.
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Fig. 2. Elements of periodic table used for ion implantation [10]

Despite promising benefits of ion implantation, this technique is still far away from its
applications in GaN based devices. Prior to the use of implantation for a certain purpose,
one has to optimize the implantation and thermal annealing conditions. Besides this, the
implantation of different ions has shown different effects on different materials, therefore
detailed investigations of implantation effects on AlInN are needed to explore the
possibilities of the expected advantages.

A technologically well known phenomenon is the impurity gettering which has become a
mature technique for silicon industry to getter the unwanted transition metal impurities. It
is well known that inert gases produce cavities or bubbles in solids which contain high
density of dangling bonds that exhibit high affinity for metallic contaminants to act as
gettering centers. The formation of inert gas cavities in GaAs, SiC, InP etc urged us to
implant the neon ions into AIInN which is still lacking in literature.

Until now, appropriate annealing conditions have not been established for the treatment of
the implanted AlInN; therefore, different researchers have reported different results for
same material and implantation conditions. The magnetic properties of the implanted
semiconductors strongly depend upon annealing conditions. Manganese is the mostly used
magnetic impurity in semiconductors to realize the DMS. Although few report are available
for ion implantation into AlInN but no one has focused the study of effects of annealing on
its properties. Therefore, a lot of work is still needed to optimize the annealing parameters
for ion implanted AlInN.

Many groups have reported ferromagnetism in GaN, InN, AIN and related alloys AlGaN
and InGaN by incorporating magnetic ions but there is no report on AlInN based DMS. To
realize all possible benefits of nitride based DMS, ferromagnetic properties of all III-Nitride
members should be known. AlInN is expected to be a promising DMS material after doping
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of magnetic ions and possibly the future magnetic DBR for polarization stability in the spin
VCSELs. This has motivated us to implant magnetic ions into AlInN to fabricate the room
temperature DMS based on AlInN.

3. Experimental details

This section describes the fabrication/processing of the samples and the characterization
techniques used during this study. First section of this chapter deals with the fabrication of
samples which consists of epitaxial growth by using metal organic chemical vapor
deposition (MOCVD) along with the post fabrication processing which comprises high
energy ion implantation and thermal annealing. After fabrication, the samples were studied
in detail by means of the structural, optical, electronic and magnetic characterizations with
variety of techniques described in the second section of this chapter.

The preparation of the samples comprises three major steps; fabrication using MOCVD
technique, implantation of energetic ions into the grown materials and thermal annealing of
implanted samples.

3.1 MOCVD growth of samples

All the samples used in this study are grown in a low pressure MOCVD system. Some times
this technique is also referred as Metal Organic Vapor Phase Epitaxy (MOVPE) or Organo
Metallic Vapor Phase Epitaxy (OMVPE). During the fabrication of the samples, a mixture of
gases (called precursor) containing the materials required for deposition of the sample is
passed over the heated substrate. The chemical decomposition (Pyrolysis) of precursor gases
takes place in high temperature chamber and the atoms (needed for deposition) then deposit
onto the substrate thereby making the bonding to build a crystalline layer. The growth
process is sketched below in figure 3.

MOCVD growth has several advantages over other growth techniques (e.g. MBE). The
growth process in MBE is controlled only by substrate temperature and molecular flow
rates, whereas, MOCVD offers a variety of parameters (chamber pressure, gas flow and
wide range of precursors) which make it more versatile. The precursors consist of organic
materials which are less toxic, liquid at room temperature and inexpensive for industrial
mass production. Moreover, no ultrahigh vacuum is needed like in MBE.

Samples were grown in a horizontal MOCVD reactor manufactured by Thomas Swan
Scientific Equipment Limited. Hydrogen was used as a carrier gas for the growth of the
samples. The c-plane sapphire wafers (Al,O;3) of 2 inch diameter ware used as substrates for
growth of the materials. The samples used during this study were hexagonal thin films of
GaN and AlInN fabricated in the form of GaN/sapphire and AlInN/GaN/sapphire
respectively. During the fabrication of GaN, the first step was the growth of a low
temperature thin GaN buffer layer on a sapphire substrate. Next step was the growth of a
GaN epilayer without any doping (so called i-GaN) i.e. GaN template. In case of doped
samples, silicon and magnesium were incorporated to produce n- and p-GaN respectively.
Sketches of AlInN samples used in this study are given in figure 4. For the fabrication of
AlInN samples the first step was the growth of GaN template as described earlier. After that
AlInN epilayer was grown without any doping. The samples were then classified into two
groups. One group was left as it is, for further processing whereas other group of the AlInN
samples was capped with GaN cap-layer as shown in fig. 4 (b).
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Fig. 4. Layered sketches of the AlInN samples used in this study.

Precursors for the MOCVD growth of IlI-nitrides consist of organic compounds involving
elements from groups III and V along with a dopant precursor (if needed). A list of
precursors used for growth of different samples is given below in table 1.

The samples with best structural and electrical properties were grown after the optimization
of growth parameters. The growth conditions involve the chamber temperature, chamber
pressure, precursors, precursor’s flow rates, substrate rotation rate and growth time etc.
Growth conditions of the samples used in this study are given in table 2.

Hall and X-Ray diffraction measurements were carried out to select the high quality wafers
for further study. The samples of 1x1 cm? size were then carefully scribed from wafers to
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obtain different sets of samples and each set of samples scribed from the same wafer was
used separately for implantation of different ions. The scheme of ion implantation is given
in the next section.

Precursor Chemical symbol  Advantages Disadvantages
TMGa (CHz)3Ga liquid, high vapor  Volatile and dangerous
Tri-methyl gallium pressure for contact to human
(Group III-Precursor) body
TMIn (CHz)sIn solid, good vapor  low vapor pressure
Tri-methyl indium pressure for
(Group III-Precursor) MOCVD
TMAI (CHz)sAl liquid, good vapor oxygen contamination
Tri-methyl aluminum pressure, good long
(Group III-Precursor) term stability
Ammonia NH;3; good stability, only high Pyrolysis
(Group V-Precursor) practically temperature
available nitrogen
precursor
Silane SiHy used as n-dopant gaseous, flammable,
(n-dopant) for electronic high Pyrolysis
devices temperature
CpMg (CsHs):Mg used as p-dopant  Volatile and dangerous
Bis- (cyclopentadienyl) and has low for contact to human
magnesium volatility body
(p-dopant)

Table 1. List of precursors used for growth of samples.

No. Sample and Growth Time Temperature Pressure NH; TMGa SiH4 cp2Mg TMIn TMAI

Purpose steps  (sec) (°C) (Torr) (ccm) (ccm) (ccm) (cem)  (cem)  (ccmy)
1 AlInN 1.GaN 850 1040 200 3500 51 0.05 - - -
(Used for Mn 2.AlInN 5900 820 100 5200 NNA° N.A N.A 200 20
implantation)
2 AlInN 1.GaN 850 1040 200 3500 51 0.05
(Used for Ce 2.AlInN 3550 820 60 5500  ---- - - 410 20
implantation) 3.GaN 180 800 200 3000 30 e - e
cap-layer
3 AlInN 1.GaN 850 1040 200 3500 51 005 - - e
(Used for Ne 2.AlInN 5200 820 90 4000 NNA N.A NA 0 470 20
Implantation) 3.GaN 180 800 200 3000 30 e - ——— e
cap-layer

Table 2. Growth conditions of AlInN samples used in this study.

3.2 lon implantation

Ion implantation is a process in which impurity ions are projected into the target material to
modify its structural, optical and electronic properties. It is relatively a simpler technique for
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introducing the ions into a semiconductor for doping, electrical isolation of active regions
and device applications. Some of the several advantages of doping by ion implantation over
the doping during growth are listed below.

1. Itis an inexpensive and quick method to achieve the required material.

2. Any species of ion can be incorporated into any host material.

3. Ion can be introduced at the desired depth by the control of implantation energy.

4. Ions can be implanted into the desired areas of the sample for the selective area doping
by the use of a proper mask system.

5. The required concentration of the ions can be implanted into the material after
monitoring the implantation dose which is measured by the ion current.

6. Dopants can be incorporated above the solid solubility limits.

7. It is insensitive to the host properties, i.e. sample geometry, lattice structure, lattice
defects etc.

8. Itis a low temperature process.

The main parts of an ion implanter are the ion source, mass spectrometer, high voltage
accelerators, scanning system and a target chamber. The material to be doped into the
samples via implantation is filled in a cylindrical chamber in the form of gas. An electric
potential of about 100 V is applied across the body of the chamber and the filament to
generate electrons. The electrons emitted out of the filament of chamber ionize the gas atoms
by impact ionization. The positive ions are accelerated towards the exit slit which is set at
high negative potential of about 25 kV. The positive ions then enter the mass spectrometer
which separates the ions of different masses and charge states to allow the desired ion
species to pass through the exit slit of the spectrometer.

The ions selected by the spectrometer are accelerated by passing through the accelerating
columns at high voltages. These ions are then passed through the pair of X and Y plates of a
scanner system to produces a beam for uniform dose of implantation into the whole area of
wafer. The scanned beam is passed through the defining aperture and then projected on to
the wafer. Electrical contacts between the wafer and the metallic target holder facilitates the
electron flow to neutralize the implanted ions received by the wafer. The ions received by
the wafer are counted by the charge integrator which measures the time averaged swept
beam current according to the relation,

j I
Q=|—-Hrdt
o gA

Where ‘A’ is the wafer area, ‘n’ is 1 for singly and 2 for doubly ionized atoms, and ‘I’ is the
electron current integrated over total time of implantation. The wafer is biased at small
positive voltage to minimize the secondary electron’s dose errors.

The energy with which the ions are accelerated towards the samples depends upon the
applied electrostatic potential and is known as implantation energy. It depends upon the
implanter set-up and is normally in the range, 1 to 2000 keV. The number of ions received
by the target per unit area (ions/cm?) is known as dose and is found electronically by using
a charge integrator.

The incident ion on striking the crystal surface loses its energy through scattering events
during coulombs interactions with target atoms. By ignoring the complications of many-
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body interactions, the process can be best appreciated by the supposition of binary collision.
The projected ion collides with a target atom, which in turn recoils and collides with other
lattice atoms to start a collision cascade. The route of penetrating ion mainly consists of
point defects (vacancy, interstitial, substitutional, antisite etc). The energy loss mechanism
can be classified in two ways: the elastic or nuclear energy loss (coulomb interaction) and
inelastic or electronic energy loss (electron-electron energy transfer, excitation and
ionization phenomenon) [6].

The total distance covered by the incident ions normal to the target surface before coming to
rest is called range of ions. It is usually denoted by R and is given by

E
R= J'diE
o NS(E)
Where N is the atomic density, dE is the energy loss of ion and S(E) is the stopping cross-
section.

The mean penetration depth of the ions below the target surface is an important parameter
and is known as projected range. This is denoted by R, and it is smaller than the actual
distance R traveled by ions. The relation between R and R;, is approximated as

Where m; and my are the masses of incident and target atoms respectively.

The distance traveled by the ions along the normal to the incidence direction is referred as
the lateral range and is denoted by R, whereas the spread in ion range caused by the
fluctuations in energy loss mechanism is known as straggling range. Some ions stop at
depth less than R, and some at depth greater than R,. Therefore, standard deviation or
straggling (usually denoted by AR;) is used to find the distribution around Rp. The range
and distribution of implanted ions into the target have been described by Lindhard, Scharff
and Schiott (LSS) theory [40], according to them the distribution of implanted ions follows
Gaussian function.

The concentration of implanted ions at a certain depth x can be written as

7(X*RP)2
2
N(x) = Nmaxe 2eRp

Where Ny is the peak concentration of implanted ions and is given by

@& 040
" J27aRp  ARp

N

Where @ is the ion dose in ion/cm?, using this value of Nimax we can find N(x) as,
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A more exact and quick way to find the range, distribution and damage analysis of
implanted ions into target is the computer simulations. Transport and range of ions in
matter (TRIM) is a comprehensive Monte Carlo binary collision computer simulation based
on full quantum mechanical treatment of ion-atom collisions [41]. It is capable of providing
the distribution of the ions as well as all kinetic phenomena associated with the ion's energy
loss (target damage, sputtering, ionization, and phonon production) in the multilayered
complex target materials.

Though Gaussian distribution is a reasonable approximation of the depth profile of
implanted ions but this is true mostly for the amorphous targets. Due to higher crystallinity
of semiconductor crystals, incident ion if implanted parallel to the crystal axis, moves
through the crystal planes without facing any collision and most probably channel into the
substrate. To avoid such channeling effect implantation is usually carried out in such a way
that target crystal is tilted 7° off the direction of incident ions.

No. Sample name Material Implanted Implantation Implantation Beam Implantation

ion energy angle current dose

(KeV) (Degree) (nA) Ions/cm?

1 THO070207E  AlInN Neon 250 7 0.4 1x1014
1.8 2x1015

1.8 5x1015

1.8 9x1015

2 THO070206C AlInN Manganese 250 7 0.6 1x1014
55 2x1015

7 5x1015

10 9x1015

14 2x1016

14 5x1016

Note: Implantation is carried out at room temperature.

Table 3. Implantation conditions used for this study.

LC-4 high energy ion implanter installed at Institute of semiconductor, Chinese academy of
science, Beijing, China was used for the implantation of the samples used for the work
reported in this thesis. This implanter is manufactured by Institute No. 48, China Electron
Science and Technology group. Implantation conditions for different samples are given in
the table 3.

3.3 Thermal annealing

The energetic ion-implantation into semiconductor lattice leads to the production of defects,
damages, local amorphous regions and disordered crystalline structures. In spite of the
several benefits, ion implantation damages the lattice that causes quenching of the
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luminescence, band filling, band gap narrowing and band tailing effects. Such effects
severely affect the electrical and optical properties of the devices. A necessary step after
implantation of the samples is the thermal annealing, which not only recovers the lattice but
also moves the implanted ions to a suitable place for the electrical, optical and magnetic
activation of the dopants.

Rapid thermal annealing (RTA) is a process in which semiconductor samples are heated up
to very high temperatures (up to 1000°C or even higher) for a short time (several seconds) in
a controlled way. Rapid heating rates (1000°C per minute) and thus short time processing
offered by RTA is its major advantage over the conventional furnace annealing (takes
several hours). Moreover, RTA ensures comparatively high security, when sample
decomposition is taken into account since sample is exposed to the high temperature for a
very short interval of time. High temperature annealing of III-nitrides is usually performed
in the nitrogen ambient to counter the loss of nitrogen from the surface of the samples.
Rapid thermal annealing has been found an effective way to improve the crystal quality and
repair the implantation induced damages in III-nitrides.

An RTA processor mainly consists of three major components, RTA chamber, a heating
system and a temperature sensor.

RTA has been performed in an RTP-300 rapid thermal processor that uses 13 tungsten
halogen lamps (1250 W each) as a heat source and a nitrogen gas flowing ambient. The
temperature sensor used during RTA is K-type thermocouple embedded in the sample
stage. The samples to be annealed have been placed inverted on another GaN wafer which
is then put on the 4 inch silicon wafer positioned on the sliding sample holder in side the
RTA chamber. After inserting the sample holder inside the chamber, window is tightly
closed by the screws. RTA is programmed for the specified temperature and time.

Usually semiconductors are annealed up to the maximum temperature equal to 2/3 of the
melting point of bulk martial. This suggests the use of annealing temperature of about
1800°C for GaN whose melting point is 2791°C. However, this temperature is normally
higher than the growth temperature of the epitaxial semiconductors which may degrade the
material due to its decomposition. Therefore, annealing temperature and time needs to be
carefully optimized to keep a balance between the lattice recovery and the sample
degradation. Many experiments were carried out by using the different annealing
conditions for the search of optimized values of annealing time and temperature. In this
study we have used the maximum annealing temperature of 1000°C for GaN and 850°C for
AlInN with annealing time of 30 seconds.

3.4 Characterizations techniques

Several techniques were used for the characterization of as-grown and implanted samples to
study the effects of ion implantation on the structural and magnetic properties of the
materials. Following section describes the characterization techniques used for this study.
Ion implantation produces modifications in the lattice of the materials which can be studied
by performing the structural characterizations of the samples. In this study, X-Ray
diffraction and Rutherford backscattering spectroscopy have been used for the study of the
structural changes induced by the implantation and annealing of the samples.
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3.4.1 X-ray diffraction

X-Ray diffraction (XRD) is very useful technique for the structural analysis of the crystalline
samples. It offers an efficient way to identify the crystal structure and explore the lattice
modifications in the implanted/annealed samples.

X-rays emitted out of the material as a result of inter shall transitions are used as probe for
analysis in X-ray diffractometer. These rays are produced by the bombardment of high
energy electrons on a copper target and then filtered to give a monochromatic beam of Cu-
K, radiation. When X-rays are incident onto a crystalline material they are diffracted from
the planes of the crystal. The diffraction peak is obtained only when the distance traveled by
the rays after reflection from the successive crystal planes differs by an integral multiple of
wavelengths. This process takes place in accordance with the well known Bragg’s equation,
given below.

2dsinf =nA

Where d is interplaner spacing, 0 is the incident angle, A is the wavelength of incident X-rays
and n is the order of diffraction. By changing the angle 0, the Bragg's conditions are
satisfied and a strong reflection or XRD peak is obtained. The plot of the angular positions
verses the intensities of the diffracted peaks produces a pattern, which is a characteristic of
the material. The position of the peaks recorded in XRD spectrogram is compared with the
peaks of known materials for the phase analysis of the samples.

XRD analysis of the samples was performed using Cu-K, source of X-rays at room
temperature by Rigaku SLX-1A X-ray diffractometer. Crystallinity of GaN and AlInN
samples was studied in detail by performing «/20 scans using double axis and triple axis
diffraction. Furthermore, broadening of the peaks, tilt and twist features were also studied
by the measurements of FWHM from o-scans of high resolution XRD. Powder diffraction
XRD has been carried out in 26 range of 20 to 100° to study the phase analysis and detection
of secondary phases in implanted samples.

3.4.2 Rutherford Backscattering Spectroscopy

Rutherford Backscattering Spectroscopy (RBS) is a versatile technique for finding the
concentration of the atoms, thickness of the thin film, depth distribution of the atoms and
the characterization of implantation induced damages in the lattice [23, 39]. RBS in angular
mode also provide information about the substitution of dopants on regular sites of the
lattice [42].

This technique works on the principle of Rutherford scattering. An energetic beam of
helium ions (*He+) is incident on the sample and then backscattered. The collision
probability of incident alpha particle with the target atoms is determined by Rutherford
cross-section. The elastic collision between incident alpha particles and target atoms
suggests that the ratio of energy of the particles before and after collision is equal to the ratio
of the masses of both particles. The energy of the backscattered alpha particles is analyzed,
which contains the information about the atoms from which alpha particles are
backscattered. According to the single scattering theory, an alpha particle faces only one
large angle scattering before reaching the detector. This approximation helps to convert the
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energy scale into the depth scale of the sample within energy resolution of the detector.
Lower is the energy of the backscattered alpha particles, deeper will be the detected atoms.

RBS measurements were performed in School of Physics, Peking University, Beijing, China.
An ion beam of energy 2 MeV having diameter of 1 mm was used for this study. The
samples were mounted on a two axis goniometer which has ability to align the sample at
any desired angle with the incident beam. Chamber has two silicon detectors, one for the
detection of particles backscattered at angle near to the incident beam and other for
detection of particles backscattered at glancing angle to the sample surface. Glancing
detector of resolution 18 keV was set at 165¢ relative to incident beam direction. This
detector have aperture diameter of 5 mm and placed 80 mm away from the samples. The
data obtained from RBS measurements was analyzed by using SIMNRA simulation.

3.4.3 Magnetic characterizations

The implantation of magnetic ions into AlInN is expected to make them diluted magnetic
semiconductors. Therefore, magnetic characterizations of the magnetic-ion-implanted
samples were carried out to search the room temperature ferromagnetism. Vibrating
sample magnetometer and Superconducting quantum interference device were used for
this purpose.

3.4.4 Vibrating sample magnetometry

This is a conventional technique for the magnetic characterization of the samples in which
magnetic moments as a function of applied magnetic field and temperature can be recorded.

To perform the measurements, sample mounted on sample holder is placed in a uniform
magnetic field and set to the mechanical vibrations at a known frequency through a
vibrator. The vibrations produce a change in magnetic flux of the sample which induces a
voltage in the pick up coils. This induced voltage is proportional to the magnetic moment of
the sample.

DMS Model 4HF Vibrating Sample Magnetometer (VSM) of ADE Technologies having
detection sensitivity 105 emu, was used to investigate the magnetic properties of the
implanted samples. Magnetic hysteresis loops were recorded at room temperature for all the
implanted samples using magnetic field 12000 Oe (Oe=oersted unit) in-plane and out-of-
plane applied magnetic field of to saturate the samples. It was found that an easy axis for
samples is the direction when the magnetic field is applied parallel to the sample plane
(in-plane).

3.4.5 Superconducting quantum interference device magnetometry

Superconducting quantum interference device (SQUID) is a resourceful tool for the
magnetic characterization of the samples. It offers a sophisticated way to detect the magnetic
ordering by studying temperature dependence of magnetization (MT), field dependent
magnetization (MH) and other properties of the samples. SQUID has very high sensitivity
(~109emu) for the detection of very weak magnetic moments. SQUID  works on the
principle of the electron-pair wave coherence and Josephson Effect. The flow of current
across two superconductors separated by an insulated layer is known as Josephson’s effect
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and current flowing is known as Josephson’s current. A Josephon’s junction consists of two
superconducting coils, which are separated by a very thin insulating barrier, so that
electrons can pass through it. SQUID magnetometer consists of a superconducting ring
containing two Josephson’s junctions in parallel, placed in magnetic field. In the presence of
a magnetic field, a current starts to flow through the superconducting loop. When a
ferromagnetic sample is placed between the superconductors in the presence of applied
field the magnetic flux appears to change accordingly. This change of magnetic flux induces
a current which changes the current circulating through the coil. The variation in the current
helps to detect the magnetic moment of the material.

SQUID was used to study the MT and MH behaviors of the magnetic ions implanted
samples. During MH analysis, hysteresis loops were recorded at 100 K and 300 K for
implanted samples. MH loops were also recorded for un-implanted samples and this data
was subtracted from that of implanted samples. For MT measurements, the sample was
cooled up to 5 K without applied magnetic field. Then magnetic field of 500 Oe was applied
and scan was run up to 350 K to record zero field cooled (ZFC) trace. The sample was then
again cooled down to 5 K with the field of 500 Oe and magnetization was measured to get
the field cooled (FC) trace. During magnetization measurements plane of sample was
parallel to the applied magnetic field.

4. Neon implantation
4.1 Neon implantation into AlInN

The samples used for this study were ~200 nm thick AlInN thin films grown on a 4pm thick
GaN template. AlInN films were finally capped with a very thin GaN layer to avoid the
sample decomposition during high temperature annealing. The cap layer also helps to limit
the penetration depth of incident ion within AlInN layer and to avoid their interaction with
the buffer layer. Sketch of the samples is shown in figure 4 (b).The chamber temperatures
during growth of GaN template, AlInN layer and GaN cap layer were 1040, 820 and 800°C
respectively. The detailed growth parameters of these samples are given in table 2. The
crystal quality and composition of the as-grown samples was checked by X-ray diffraction.
FWHM value of AliIn; N peak measured by X-ray diffraction was 406 arcsec indicating its
high crystalline quality. Vegard presented a way to estimate the composition of ternary
alloys by assuming linear relation between composition and lattice parameters [33]. The
composition of AlniN is usually found by Vegard’s law by linear interpolation between
relaxed bulk lattice constants of AIN and InN. The value of indium content in AlInN layer of
as-grown sample estimated using the Vegard’s law is 8.3 %.

Neon ions were implanted at 250 keV on four samples scribed from same wafer, with doses
1014, 2x1015, 5x1015 and 9x10%5 ions/cm?. The samples were implanted at room temperature
and incident angle of beam was set at 7° to the c-axis of samples. The implanted samples
were annealed by RTA processor at 750°C for 30 sec in nitrogen ambient. Although,
annealing temperature of 400°C above the growth temperature has been reported to be safe
in implanted AlInN [20], but in general, annealing temperature below the growth
temperature is preferred. We have annealed the neon implanted AlInN at temperature
below the growth temperature.
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4.2 Implantation induced strain in epilayers

Neon implanted AlInN thin films were characterized by XRD before and after annealing to
study the effects of implantation and annealing on the structural properties of material [69].

Figure 5 shows the (0002) XRD curves of as-grown and neon implanted AlInN/GaN
samples before annealing. The peak at 20 = 34.56¢ is due to the signal from the GaN buffer
layer and peak appearing at 20 = 35.51¢ is due to the signal coming from AlInN epilayer of
as-grown samples. After implantation, it has been observed that intensity of AlInN peak
decreases with increasing dose. The position of the peak shifts systematically toward the
lower angle with increase in dose up to 5x10%5 cm2. In the scans measured after maximum
dose 9x101> cm2, AlInN peak is broad and its intensity is too small to measure its exact peak
location. However it seems shifted slightly towards higher angle side as compared to its
position for the samples implanted with dose 5x1015 cm2. An additional peak structure is
also observed on lower angle side of GaN peak in the scans of all implanted samples. This
peak structure broadens and becomes less intense with increasing dose of implantation,
indicating the expansion of GaN lattice.

GaN(0002) Tesonwn

—o—1x10'"cm”
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1 1 1 1 1 1 1 1 1
34.0 342 344 34.6 34.8 35.0 352 354 35.6 35.8

20 (degrees)

Fig. 5. X-Ray diffraction spectra showing (0002) peaks of GaN and AlInN for as-grown and
neon implanted AlInN/GaN samples before annealing. AlInN peaks are shown Lorentz
fitted.

Figure 6 shows the XRD spectra of same samples after annealing at 750°C. The post
annealing spectra show a similar trend of GaN and AlInN peaks as observed before
annealing. However the peak separation in each scan increases after annealing as compared
to that of the separation in respective scans before annealing. This indicates that the position
of AlInN related peak approaches to that of as-grown samples which points to lattice
recovery after annealing. The broadness of the peak structure appearing on the left side of
the main GaN peak is observed suppressed and shifted towards the higher angle side after

annealing. The value of out-of-plane strain (") in AllnN layer of as-grown samples found
from @ /26 scan of (0002) symmetric XRD is -2.66x10-2. In-plane strain calculated using
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_V)el [ref. 43] is 2.7x10-2 (where v is the Poisson ratio taken as 0.33). The

relation &' = —(1
2v

percentage value of tetragonal distortion (&' =& —¢*) calculated from in-plane &' and out-

of-plane &* strains is 5.36 + 0.06.
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Fig. 6. X-Ray diffraction spectra showing (0002) peaks of GaN and AlInN for as-grown and
neon implanted AlInN/GaN samples after annealing at 750°C for 30 sec. AlInN peaks are
shown Lorentz fitted.

The positive value of & indicates the presence of tensile strain [23]. Lorenz et al reported
that the strain state of Aldn;N/GaN switches from tensile to the compressive

when ¢” shifts from negative to positive with the increase in indium content beyond 17%.
The out-of-plane lattice constant of AlInN layer calculated by cyy,w =(1+&")cgny for as-

grown samples was found to be 5.047A. The strain status (strained or relaxed) of hetro-
epitaxial layers can be used to determine the indium content of Al In;..N samples [9].

Fig. 7 shows the comparison of dose dependence of absolute perpendicular strain of AlInN
layer before and after annealing. The strain-dose curves display similar trend before and
after annealing, but annealed samples exhibited comparatively less strain that suggests the
partial relaxation caused by the redistribution of defects during annealing.

A consistent decrease in the intensity of AlInN peak was observed with increase in dose.
This reduction of the intensity of Bragg reflections can be explained by Kinematic theory of
scattering according to which the increase in lattice defects due to implantation is a
consequence of decrease in scattering intensity [44]. Along with the intensity reduction, a
clear shift in peak position AlInN was seen that gives information about the strain in the
epilayer. To explain the strain accumulation we can divide the strain-dose curve into two
regimes; (1) when strain is accumulating (2) when strain is dispersing. In the first regime,
during lowest implantation dose of 1014cm-2, point defects (vacancies, interstitials) dominate
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due to atomic displacements. These defects are distributed within the lattice mostly away
from one another for this dose. The tracks of penetrating ions will have mostly (interstitial,
vacancy) pairs due to displacement of Al and In atoms from their regular sites. Vacancies
are not only produced during implantation but also exist in as-grown samples. Most of the
Ne ions are expected to be captured by vacancies at the end of their journey. The clustering
of such occupied trapping sites leads to the formation of gas filled cavities called bubbles
[45]. Defect density increases with the increase in dose which enhances the probability of
interaction of defects with each other. This interaction facilitates the clustering of individual
defects to produce the vacancy and interstitial clusters. Bubble size increases in this region
due to addition of more gas atoms. All such events will increase the perpendicular strain
and cause the lattice to expand accordingly. This situation persists until the dose approaches
to 5x1015cm-2 where strain saturates. Interaction probability of newly produced defects with
already existing defects is maximized at some particular defect density. Size of the biggest
bubble has reached to a maximum possible value before breakup on further addition of gas
atoms. In thermodynamic equilibrium internal gas pressure is compensated by the surface
tension of the surrounding matrix [46]. At this stage, system has acquired a critical state and
further increase in dose disturbs the equilibrium. The second regime starts in this situation,
therefore 5x10%%cm=2 can be assumed as a critical dose for the system under study. This
implantation dose seems to be the critical for providing a driving force for annihilation of
vacancy and interstitial defects. Increase in the number of neon ions in the bubble increases
the gas pressure and thus bubble gains critical size that triggers the bubbles to collapse; as a
result strain reduces. The reduction in strain leads to the partial relaxation.
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Fig. 7. Dose dependence of out-of-plane strain in neon implanted AlInN layer before and

after annealing steps.

Defects become mobile during annealing which facilitates the annihilation of defects of
opposite nature (e.g. vacancy and interstitial) and thus minimizes the thermodynamic free
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energy of the system. High temperature annealing also causes the bubbles to grow and they
approach a critical size earlier than in the un-annealed samples [47]. This preferential
growth of bubbles towards a critical size and their collapse is attributed to the low level of
strain in the post implantation annealed samples as compared to as-grown samples. It is
likely for the inert gas to out-diffuse from the bubbles during annealing and convert the gas
filled bubbles into nano-sized cavities or voids [48]. These cavities have special significance
to capture the mobile impurities and structural defects which results in the reduction of
strain. It has been reported that cavities can be used as an effective source of the strain
relaxation of semiconductors hetrostructures [49]. Annealed samples presented enhanced
strain relaxation in comparison to that of un-annealed ones, which is attributed to the
capturing of defects by cavities during gettering process [50].

4.3 Migration of indium atoms through interfaces

One would expect alloying at GaN/AIInN/GaN interfaces due to the atomic diffusion
across both the interfaces caused by high energy implantation process that may lead to the
formation of InGaN, AlGaN or InAlGaN in the top and bottom interface regions. If such
new materials have formed and related lattices are thick enough to produce XRD signal then
their signal may have superimposed on the AlInN related peak. The increase in width of
AlInN related peak gives a clue of range of lattice parameters extended lattices. In case of
alloying one would expect new peak/peaks which are not observed in the XRD
measurements of our sample. It also appears unlikely that the signal due to such peak is
hidden in the AlInN related peak in such a way that it behaves similar to AlInN peak with
increase in dose. Similarly, one would also suspect that the peak appearing at lower angle
side of GaN peak is due to possible alloying resulting from atomic diffusion across the
interfaces. However, the similarity of such additional XRD peaks appearing in XRD spectra
of neon implanted GaN/AIInN/GaN structures to that of neon implanted GaN samples
having same implantation doses guides to rule out the possibility of such alloying. Hence it
can be concluded that this peak is not due to alloying but purely due to expansion of GaN
lattice. This observation also points that expected alloying has no contribution in broadening
and shift of AlInN related peak. The observed features are due to implantation induced
strain in the AlInN lattice.

5. Manganese implantation

A detailed study of manganese implantation into AlIInN samples along with realization of
diluted magnetic semiconductors (DMS) based on these materials is described in this chapter.

5.1 Manganese implantation into AlinN

The samples used in this study were AlInN/GaN/sapphire structures with ~200 nm thick
AlInN epilayer and ~ 4 pm thick GaN templates. A sketch of layered structure of the
samples is shown in figure 4 (a). The growth parameters of the samples are given in table 2.
Mn ions were implanted at 250 keV into six samples scribed from the same wafer, with
doses 1x10%4, 2x1015, 5x1015, 9x1015, 2x10%6 and 5x10% ions/cm? at room temperature. Mn
concentrations in implanted samples corresponding to these doses are ~ 0.01%, 0.2%, 0.5%,
0.9%, 2% and 5% respectively. Implantation was carried out at 7 degree with c-axis of the
samples to avoid channeling into the substrate. Simulation of RBS measurements of highest
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dose samples indicated that implanted ions were limited in the top AlInN (200 nm thick)
layer. After implantation, the samples were rapid thermal annealed (RTA) isochronically at
750 oC and 850 °C for 30 sec in the nitrogen ambient. During annealing samples were placed
inverted on a GaN wafer to avoid the possible loss of nitrogen due to decomposition.

Mn implanted AlInN thin films were characterized by X-ray diffraction, Rutherford
backscattering spectroscopy and superconducting quantum interference device magnetometer
to study the structural and magnetic properties of material [70, 71]. The experimental results
obtained from such measurements are described in the following sections.

5.2 Structual modifications

XRD (20 = 20 -100°) measureemtns were carried out for phase analysis of the materials.
Figure 8 shows the XRD spectra of as-grown and Mn implanted AIInN/GaN samples
exhibiting the characteristic Bragg peaks from AlInN, GaN and sapphire substrate. This
indicates the absence of any possible second phase in our implanted samples.
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Fig. 8. (0-208) XRD scans showing the peaks of GaN, AlInN and sapphire for as-grown and
Mn implanted AlInN/GaN/sapphire samples after annealing at 750°C.
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Figure 9 shows the (0002) symmetrical XRD spectra of as-grown and Mn implanted
AlInN/GaN samples after annealing at 750 °C for 30 sec. GaN peak for all the samples
appeared at 20=34.56°. AlInN peak was found at 20 = 35.59° for as-grown samples but it
appeared at different positions for the implanted samples. This AlInN peak shifted towards
the lower angle side with increase in dose up to 5x101>cm-2 and then it shifted back towards
higher angle for higher doses. All the AlInN peaks, given in XRD spectra, were Lorentz
fitted to extract the peak position.
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Fig. 9. X-Ray diffraction spectra from (0002) symmetric (@-26) scans showing GaN and
AlInN peaks of as-grown and Mn implanted AlInN/GaN samples after annealing at 750°C.
AlInN peaks are shown Lorentz fitted.

Figure 10 shows the XRD spectra of as-grown and Mn implanted AlInN/GaN samples after
subsequent annealing at 850 °C for 30 sec. A trend of shift in the position of AlInN peak,
similar to the previous annealing, was observed for all the implanted samples. However, the
increase in X-ray intensity of the peaks related to the GaN and AlInN was noted, which
indicates the improved lattice recovery. No sizeable additional peak was seen on the lower
angle side of GaN peak that indicates that either no or very small number of implanted ions
have reached the buried GaN layer.

The perpendicular strain of implanted AlInN lattice relative to that of as-grown samples
was calculated from the data extracted from the symmetric (0002) XRD scans by using the
angular separation of substrate (GaN) and epilayer (AlInN) peaks. Figure 11 shows the
perpendicular strain of AlInN layer for both the annealing steps. After first annealing at
7500C the strain increases with dose until it reaches to the maximum value for the sample
implanted with dose of 2x1015 cm2. It remains constant for further increase in dose up to
5x10%5 cm2 and then starts decreasing with the increase in dose. The strain follows the same
trend after second annealing at 850 °C with a minor difference; instead of being constant it
starts decreasing immediately after reaching to a saturation value. Another difference
observed is the higher strain for samples implanted with doses 2x101¢ cm-2 and 5x10!6 cm-2
after annealing at 850 °C as compared to that noted after annealing at 750 °C.
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Fig. 10. X-Ray diffraction spectra from (0002) symmetric (@-26) scans showing GaN and
AlInN peaks for as-grown and Mn implanted AlInN/GaN samples after annealing at 850°C.

AlInN peaks are shown Lorentz fitted.
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Fig. 11. Perpendicular strain extracted from XRD for as-grown and Mn implanted
AlInN/GaN samples after both annealing steps of 750°C and 850°C. Solid lines are guides

to eye.

5.3 Thermal annealing degradation of AllnN

RBS measurements were carried out to find the depth profile of elements of the samples.
Figure 12 shows the random RBS spectra of as-grown and Mn implanted AlInN/GaN
samples measured after annealing at 750 °C. The energy of alpha particles backscattered
from the interface is indicated by an arrow labeled by Ga. The arrows labeled Al and In
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indicate the energy of alpha particles backscattered from the respective atoms of aluminum
and indium. The Mn signal was detected only in the spectrum of the samples implanted
with the highest dose.
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Fig. 12. RBS spectra of as-grown and Mn implanted AlInN after annealing at 750°C. Dose for
all the samples is shown in cm2.

RBS measurements were again performed on the same samples after next annealing at 850 °C
for 30 sec to study the thermally activated atomic migration of the constituents of the
samples. The RBS random spectra of as-grown and such post implanted annealed samples
are given in figure 13.
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Fig. 13. RBS random spectra for as-grown and Mn implanted AlInN samples after annealing
at 850°C. Dose for all the samples is given in cm2.
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The comparison of indium and aluminum peaks after both anneals presents an interesting
behavior that highlights the effect of annealing on atomic migration in implanted samples.
Figure 14 shows the blown up RBS spectra of indium peak for as-grown and implanted
samples after both anneals. The vertical arrows show the energy position of alpha particles
backscattered from indium atoms located in the region near to the surface.

Indium peak after annealing at 750 °C is found shifted to the lower energy side when
compared to that of as-grown samples as shown in figure 14 (a). The RBS spectra of indium
peak after 850 °C annealing is shown in figure 14 (b). The spectra are found quite different
from those measured after first annealing. In this case the indium peak is found shifted to
the high energy side with reduction of yield as compared to that of the as-grown samples.
This observation indicates the out-diffusion of indium atoms towards the surface after this
annealing. The behavior of the peak with increasing dose is similar to that of observed after
first annealing but reduction in yield is high in this case.
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Fig. 14. RBS spectra of as-grown and Mn implanted AlInN samples showing In peak after
annealing at (a) 750°C (b) 850°C.

The comparative behavior of Al signal after both anneals is shown in the figure 15. After the
first annealing, Al peak is observed truncated from the higher energy side for the samples
irradiated with lower doses as compared to that of as-grown samples. The decrease in yield
with increase in dose is observed, which is prominent for samples implanted with highest
dose. The comparison of scans of as-grown and implanted samples given in figure 15 (b)
shows a clear shift in the aluminum signal towards higher energy side for implanted
samples. A drastic decrease in the yield of Al peak can also be noted after second annealing
as compared to that of first annealing.

Figure 16 shows the blown up RBS spectra of interface region measured after both anneals.
The presence of Ga peak in between the interface and indium peak is clearly noticed in the
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RBS spectra of as-grown samples, which is found suppressed for the implanted samples
with the increase in dose. The position of the interface edge for the implanted samples
remained the same after first annealing but it was found shifted toward higher energy side

after second annealing.
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Fig. 15. RBS spectra of as-grown and Mn implanted AlInN samples showing Al peak after

annealing at (a) 750°C (b) 850°C.
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Fig. 16. RBS spectra of as-grown and Mn implanted AlInN samples showing Ga migration at
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Figure 17 shows the comparison of RBS spectra in the region of Mn signal that appears
clearly in between channel numbers 300 and 330 in RBS spectra of AlInN sample implanted
with highest dose of 5x10% cm?2 after annealing at 750°C but it could not be detected after
annealing 850°C.
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Fig. 17. RBS spectra showing the Mn signal in Mn implanted AlInN samples having
dose 5x1016cm2 after both anneals. Spectrum of as-grown sample is also given for
comparison.

5.4 AlInN based diluted magnetic semiconductor

Magnetic properties of Mn implanted AIINN samples were studied using SQUID
magnetometer by recording magnetization as a function of temperature and applied field.
Hysteresis loops were recorded at 100 K and 300 K for implanted samples. Magnetic
measurements were carried out on the samples implanted with doses 1x10%4, 2x1015 and
2x10%cm2 and subsequently annealed at 7500 for 30 sec. The temperature dependence of
magnetization (MT curves) of as-grown and implanted samples having different Mn
concentrations (0.01, 0.2 and 2 at. %) is shown in figure 18. As-grown samples exhibited very
weak signal with a paramagnetic behavior, presumably due to the impurities in the
substrate. There is a clear difference of FC and ZFC magnetization observed up to 235 K for
the samples having Mn concentration of 0.01 at. %. The samples having Mn concentration of
0.2 at.% show a strong magnetization with a difference in FC and ZFC magnetizations that
extend up to 285 K. Similar trend was observed in the MT curves of the sample having the
highest Mn concentration of 2 at.%. An apparent transition observed in MT curves of this
sample at around 260 K which points to the presence of at least two magnetic phases with
one having Curie point T, at 260 K and the other above room temperature. The highest
magnetization has been observed for this sample with difference in FC and ZFC
magnetization curves that persists up to nearly room temperature.
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Fig. 18. FC and ZFC magnetization curves at applied field of 500 Oe for (a) as-grown and
Mn implanted AlInN samples having Mn concentration of (b) 0.01 at. %, (c) 0.2 at. % and
(d) 2 at. %.

Figure 19 shows the room temperature magnetization measurements as a function of
applied field (MH loops). Clear hysteresis behavior is observed for all the samples. The
values of saturation magnetization (Ms) have were to be 5.83, 25.4 and 27.92 emu/cm3 for
AlInN samples having Mn atomic concentrations of 0.01%, 0.2% and 2% respectively. The
values of effective magnetic moment per Mn atom (p.g) were calculated to be 113, 24.6 and
2.67 pp/ion respectively. This shows a trend of increase in M and decrease in pess in AlInN
samples with increase in Mn concentration. The difference in FC and ZFC magnetization
values is an established tool to exclude the possibility of paramagnetic and diamagnetic
contribution in the observed magnetic properties. For all the samples, the difference
between FC and ZFC along with well defined hysteresis loop at 300 K is consistent with
presence of ferromagnetic ordering at room temperature.

In order to explore the effects of Mn implantation on the structural properties of the
material, we conducted detailed XRD and RBS studies. Using the shift in position of AlInN
related XRD peak, we studied the strain in AlInN epilayer as a function of implantation
dose and annealing temperature. After annealing at 750 °C, the strain increases with dose
until it reaches a short plateau and then decreases with further increase in dose. Similar dose
dependent behavior of the strain variation has been reported by Partyka et al for the argon
implanted AlGaAs/GaAs [51].

The variation of strain with dose in our samples can be divided into three regimes (1) strain
accumulation (2) strain saturation and (3) strain dispersion. In the first regime, during
lowest implantation dose of 1014cm2, point defects (vacancy, interstitial, substitutional, and
antisite) dominate due to the atomic displacements. These defects are spread within the
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lattice, mostly away from one another. The interstitial-vacancy pairs accumulate around the
route of the penetrating ion due to displacement of Al and In atoms from their regular sites.
Most of the Mn ions are expected to rest on some of the interstitial sites during this
implantation dose. Projectile Mn ions encounter In atoms rarely in their way due to low
indium concentration in the samples but In; (interstitial indium atoms) are still expected to
be produced due to collective motion of the cascade atoms. With increase in the dose the
defect density increases, which enhances the probability of interaction of new defects with
old ones. This favors the clustering of individual defects causing the increase in the level of
lattice deformation. All such events will increase the perpendicular strain and cause the
lattice to expand accordingly. This situation will persist until the dose of 2x10'>cm-2 at which
the strain saturates. Interaction probability of newly produced defects with existing defects
is maximized at a particular defect density in this situation. This saturation state is
maintained in dose range 2x10> to 5 x10%> cm2. The implantation dose of 2x1015 cm2 seems
to be critical for providing a driving force, which causes the annihilation of (vacancy,
interstitial) defects and prevent the increase in strain. Mn ions have more probability to
occupy substitutional sites in this atmosphere. The competition between defect creation and
annihilation limits the net increase in the strain in this region. With further increase in dose,
third regime starts where a decrease in strain is observed. This decrease of strain is
attributed to the migration of defects into sinks (cavities, dislocation loops, grain boundaries
etc). Defect clusters after attaining a critical size may have collapsed to minimize the
thermodynamic free energy of the system. This collapse may produce either the increase of
substitutional efficiency or capturing of defects by cavities or conversion of defects into local
amorphous zones in the lattice. The strain relaxation will be the consequence of all such
events. Most of Mn ions are expected to occupy the substitutional sites into the cationic
sublattice of Al and In atoms in this regime of dose.
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Fig. 19. Room temperature magnetization as a function of applied magnetic field for AlInN
samples having different Mn concentrations.
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A similar trend of variation in strain with dose was observed after second annealing except
(a) strain immediately decreased after reaching to the saturation value and no plateau was
observed (b) the samples implanted with doses 2x1016 cm-2 and 5x10%6 cm2 exhibited the
strain higher in magnitude as compared to that measured after first annealing. It appears
that the second annealing condition has provided sufficient thermal energy to the defects in
the samples implanted with dose 2x10%5 cm2 so that the defect annihilation dominates and
continues for higher doses. The reduction in XRD intensity (figures 9 and 10) may be either
due to sputtering during implantation or decomposition during annealing. The reduction in
Bragg reflections can also be explained using kinematics theory of scattering [44]. The
change of the scattered (diffracted) X-rays is a consequence of the defects produced as a
result of ion implantation.

The usual procedure to determine the fraction of the material removed is based on the
comparison of the widths of the respective peaks in RBS before and after implantation [44].
The width of the peak is proportional to the number of atoms per unit area [52]. From RBS
spectra measured after first annealing, it is clear that the width of Al peak is decreased
preferentially on higher energy side while position of the peak remained the same. On the
other hand the width of indium peak remained the same but its position shifted towards
lower energy side. The behavior of both the peaks clearly indicates that a fraction of
aluminum atoms has been sputtered off during implantation whereas indium atoms have
been diffused inside. The probability of aluminum to be sputtered off is higher than that of
indium because of lower indium concentration (especially on the surface) in our aluminum
rich samples (Alpoz IngesN). The observed implantation induced in-diffusion of indium
atoms is due to larger Rutherford cross-section because of larger atomic size as compared to
aluminum atoms. Another reason for preferential in-diffusion of indium atoms is the lower
bond strength of In-N in comparison to that of AI-N (7.7 eV and 11.5 eV respectively) [53].
The energy transferred by the interaction with ions forces the atoms to diffuse into the
material. RBS spectra measured after second annealing indicated that indium and
aluminum peaks are shifted towards higher energy which give a clue that annealing at 850
°C has provided sufficient energy to both Al and In atoms to move towards the surface.
Outwards indium diffusion has been estimated from the shift of signal to higher energy side
after second annealing [54]. Furthermore the decrease in yield as well as the peak widths for
Al and In indicates the decrease in concentration of the respective atoms in the samples,
which is probably due to the decomposition of the samples during annealing at 850 °C.
These results indicate that annealing of AlInN at 850°C causes the significant decomposition
of the samples. The AlInN films were grown at 820°C, so the decomposition is more likely
to take place which is also indicated by our RBS measurements. Loss of nitrogen from AlInN
during annealing at 800°C is already reported [55]. The preferential loss of nitrogen is
accelerated during high temperature annealing that leads to the degradation of the near
surface region [56]

Implantation has caused the change in shape of indium peak. A careful inspection of shape
of indium signal (channel # 365 to 399) in RBS spectrum of as-grown samples (figure 17)
indicates the presence of non-uniform indium distribution. Lower energy side of indium
peak (channel # 365 to 376) indicates the presence of more abrupt gradient in comparison to
that of higher energy side (channel # 376 to 399). This asymmetry of indium peak indicates
the higher indium concentration in the near-interface region than in the near-surface region
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of as-grown samples. It is clear that implantation has modified the profile of indium peak. The
RBS spectrum of indium peak of implanted samples depicts that (a) shape has become
symmetrical and (b) peak position is shifted to lower energy side. These observations indicate
the redistribution of indium atoms due to knock-in effects caused by impact of implanted Mn
ions with indium atoms. The analysis of peak shape points to the presence of nearly equal
gradient on lower energy side (channel # 356 t0372) and on higher energy side (channel # 372
to 389). On the other hand, shift of peak towards lower energy side indicates the indium atoms
have migrated toward interface. Both these observations points to a noticeable effect, that the
implantation has caused the change in depth profile of indium in such a way that more
indium is concentrated near the interface than in the near-surface region.

The presence of Mn signal (figure 17) after first annealing and suppression after second
annealing can be explained by taking into account the atomic diffusion caused by high
temperature annealing. Like Al and In atoms, Mn has also out-diffused and most probably
have evaporated during high temperature annealing. Such evaporation of implanted atoms
from GaN during annealing has been reported by Lorenz et al [57].

The presence of Ga peak in between the interface and indium peak can be explained by
considering the bad quality of the interface resulting from the diffusion of Ga atoms into the
AlInN layer during high temperature growth at 820 °C. The presence of Ga in the top layer
near the interface may lead to the formation of a fuzzy interlayer of AllInGaN to shape the
sample in the form of AlInN/AlInGaN/GaN structure. The suppression of Ga peak
observed after first annealing is due to the in-diffusion of Ga atoms towards the GaN buffer
during the energetic ion implantation. This may have reduced the interlayer thickness
thereby improving quality of the interface. During second annealing out-diffusion of Ga
atoms is expected similar to that Al and In that lead to increase in thickness of the fuzzy
interlayer. The interface signal is now coming from the place up to which Ga atoms have
diffused upwards. Therefore the observed shift of the interface towards higher energy side
is the consequence of the upwards Ga diffusion. The different behavior of interface after
both anneals is understandable by considering the annealing temperature below and above
the growth temperature. It should be interesting to compare results of our magnetic
measurements with that of Mn doped AIN. Saturation magnetization reported for single
phase AIMnN with Mn concentration of 1 at. % is ~0.2 emu/cm?3 [58], which is much smaller
as compared to the value observed for our samples even having lowest Mn concentration of
0.01at. %. The reason for this drastic difference in magnetic behavior can be explained by
taking into account the lattice parameters which have significant effect on the magnetic
properties. The lattice constants of our as-grown AlInN samples are ¢ =5.135 A, a = 3.118 A,
which are larger as compared to that of AIN (c =4.982 A, a=3.112 A). Fermi level (Ef) of the
AlInN having lattice constants larger than that of AIN will be lower in energy [59]. With the
shift of Er towards valence band, the strength of bonds reduces due to formation of
vacancies. The reduction in bond strength is another explanation of ferromagnetism
enhancement in Mn-AlInN system as compared to Mn-AIN. Decrease in bond strength due
to indium incorporation into AIN will produce more vacancies, which makes AlInN
comparatively a favorable environment for Mn to occupy the substitutional sites rather than
making clusters. The tendency of self-compensation by Mn at interstitial sites is believed to
be weak when substitutional Mn acceptor level shifts deeper into the band gap of the wide
band gap materials [60] that also support the probability of Mn to occupy the substitutional
sites. Our XRD measurements (figure 8) provide evidence that no second phase (like;
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Ferromagnetic Mn,N, Antiferromagnetic MnNy and ferromagnetic AIMn) are responsible
for the observed magnetism in our implanted samples. It is reported that the formation of
clusters takes place beyond 2% of Mn concentration [61] but Mn concentration in our
samples is below this limit, therefore we expect the role of secondary phases, if any, is
insignificant and ferromagnetic ordering in our samples is dominated by substitutional
incorporation of Mn in the AlInN lattice.

The value of effective magnetic moment per Mn ion for our implanted samples is found
extraordinarily large as compared to the Mn atomic moment of 5up/ion, for two samples
having lowest Mn concentration. The colossal magnetic moment in Gd implanted GaN has
already been observed by Dhar et al [62] who have found extraordinary large values of
effective magnetic moment per Gd atom (pef). The trend of dose dependence of M; as
observed in our samples, is similar to that of observed by Dhar et al for Gd implanted GaN.
They developed a phenomenological model [63] to get a quantitative understanding of the
range of spin polarization of GaN matrix by randomly positioned Gd atoms by assuming a
rigid sphere of influence around every magnetic atom. The value of saturation
magnetization for the Mn implanted samples based on their model is given by the following
equation.

NMH
Mg =py Ny, +P,ON, +p1N, z no,
n=2

Where N, is the concentration of AlInN matrix atoms, v is the volume of each sphere, 7 is
the volume fraction occupied by each sphere, ie. ©¥=1-exp(-vN,;) and

nNy )"
0, = %e_w{" is the volume fraction of the regions contained within ‘n” spheres. For
n!

the lower Mn concentrations, most of the spheres are assumed well separated and pef has its
maximum value. Since 7 is an increasing function of Nuy, the value of M increases with
increase in concentration of implanted ions and crosses the percolation threshold when 2
approaches to unity for a certain concentration of ions. Finally, at very high Mn
concentrations the entire matrix becomes polarized and first term in the equation starts to
dominate over the rest of the terms and per further decreases. Carrier mediated
ferromagnetism does not appear to be applicable in the Ill-nitrides having transition metal
related energy level very deep into the band gap [64]. Our implanted samples are expected
to have low carrier concentration and resistive in nature like other transition metals
implanted nitrides [65, 66]. This suggests that charge carriers are localized by the defects
with random distribution of their localization centers in the lattice. It has been reported that
ion implantation into nitrides and AlInN produces highly resistive regions and causes the
decrease in carrier concentration [67]. We therefore suggest that ferromagnetic exchange
interaction in our implanted samples is mediated by localized electrons that form bound
magnetic polarons (BMP) whose overlap produces a spin-split Mn impurity band [12].
Radius of BMP increases logarithmically with decreasing temperature so that long range
ferromagnetic ordering appears at low enough temperatures due to the overlapping of
BMPs. Diluted magnetic semiconductors having random distribution of magnetic impurities
are favorable to produce overlapping of BMPs. We calculated the radius of hydrogenic
orbital of electron in BMP system for AlyoIngesN using ag= e*(me/m*) x 0.53 A [ ref. 12] and
found its value to be 9.23 A. Hydrogenic radius of electron in BMP system for AIN is
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reported to be 8.5 A [68]. Large value of BMP radius increases the probability of BMP
overlapping to mediate the ferromagnetic coupling, which is another indicator of enhanced
ferromagnetism in implanted AlInN as compared to the AIN. The values calculated for inter
Mn distance by assuming the uniform Mn distribution in the whole DMS layer are 19.6 nm,
2.58 nm and 1.18 nm for samples having Mn concentrations of about 0.01%, 0.2% and 2%
respectively. Although these values are larger than the radius of BMP (0.92nm) but the
values of inter Mn distances would be smaller, especially in the central region of DMS layer,
if the true Gaussian distribution of implanted Mn is taken into account. Therefore, we are
justified to assume that BMP is a possible mechanism for ferromagnetic ordering in Mn
implanted AlInN samples.

6. Summary

The effects of neon and manganese ion implantation into MOCVD grown wurtzite AlInN
have been studied in detail. Ne ions with doses 1x104, 2x1015, 5x1015, 9x1015 /cm2and Mn
with doses 1x1014, 2x1015, 5x1015, 9x1015, 2x1016 and 5x101¢ ions/cm?2 were implanted into the
materials. After implantation, AlInN samples at 750°C and 850 °C using rapid thermal
annealing processor. The structural, optical and magnetic characterization were performed
with Rutherford backscattering spectroscopy (RBS), X-Ray diffraction (XRD), vibrating
sample magnetometer (VSM) and superconducting quantum interference device (SQUID).

The XRD spectra of Ne and Mn implanted AlInN exhibits a systematic shift toward the
lower angle side and a decrease in intensity of peak related to AlInN with respect to that of
GaN with increase in dose up to 5x10%5 cm2. The shift of the peak was found reversed for
higher doses. Strain obtained from the shift of AlInN peak was found increased with dose
until it reached a saturation value and after that it started decreasing with further increase in
dose. RBS measurements indicated the atomic diffusion of In, Al, Ga and Mn in manganese
implanted AlInN. The in- and out-diffusion of atoms has been observed after annealing at
750°C and 850°C respectively. A strong decomposition of AlInN samples has been noticed
after annealing at 850°C. This points to the unsuitability of annealing of Mn implanted
AlInN samples at temperature higher than the growth temperature of samples. Magnetic
characterization carried out by SQUID magnetometer revealed the presence of well defined
magnetic hysteresis at 300 K and a difference in FC and ZFC curves up to room temperature.
These observations indicated the presence of room temperature ferromagnetic properties in
Mn implanted AlInN samples which are prerequisites for DMS materials.
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1. Introduction

GaN and ZnO and related group-llI-N and group-II-O compounds are wide bandgap
semiconductors suitable for the production of optoelectronic as well as high temperature,
high frequency and high power electronic devices. While GaN based light emitting diodes
and lasers are already realized on an industrial scale, ZnO still suffers from fundamental
problems, in particular, the lack of efficient and reproducible p-type doping. Nevertheless,
the two materials are considered competitors on the way to novel (opto)electronic
applications (Yao & Hong, 2009).

1.1 Basic properties of GaN and ZnO

GaN and ZnO show several common characteristics in structural and optical properties.
Besides the wide and direct band gap (3.437 eV in ZnO and 3.510 eV in GaN at low
temperature) both materials show a similar valence band structure, and both crystallize
preferentially in the wurtzite lattice structure. Fig. 1 illustrates the wurtzite structure that
consists of two hexagonal lattices that are shifted relative to each other along the c-axis
characterized by the so called u-parameter; one lattice is occupied by the cations (Ga/Zn)
and the other by the anions (N/O). Some basic parameters of the two materials are
summarized in Table 1. The interest in ZnO is increasing mainly due to its high exciton
binding energy allowing efficient short wavelength emitters working at room
temperature and due to the availability of inexpensive bulk crystals for homoepitaxial
growth.

Another common feature of both semiconductors is their strong resistance to radiation
damage (Kucheyev et al.,, 2004). The latter is an important characteristic for device
processing steps involving ion implantation, for example for doping or isolation and for
the use of electronic circuits in radiation environments, such as in space or nuclear
reactors.
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Fig. 1. Schematic of the wurtzite lattice consisting of two simple hexagonal lattices occupied
by the cations (Ga/Zn@®) and the anions (N/O®).

GaN ZnO
a lattice parameter (A)a 3.189 3.250
c lattice parameter (A)a 5.185 5.204
¢/a ratio (ideal 8/3 = 1.633) 2 1.626 1.601
u-parameter (ideal 3/8 = 0.375)a 0.376 0.382
Density (g/cm3) 6.15b 5.6754
Band gap (eV)» 3.510 3.437
Exciton binding energy (eV)2 23.44 60
Melting point (K) P 2773 2248
Phillips Ionicitye 0.5 0.616

Table 1. Crystal parameters and properties of GaN and ZnO taken from 2(Yao & Hong,

2009), b(loffe Institute, St. Petersburg, http:/ /www.ioffe.rssi.ru/SVA/NSM/), ¢(Adachi,
2005), 4(Klingshirn et al., 2010)

1.2 Implantation in GaN and ZnO

While ion implantation is routinely applied in silicon industry for electrical doping or
implant isolation, this technique is not very much developed for devices based on wide
band gap semiconductors. Nevertheless, prototypes of GaN-based field effect transistors
and LEDs employing processing by ion implantation were reported (Pearton et al., 2006)
and ion implantation was for example successfully used for optical doping of nitrides using
rare earth ions (see e.g. Lorenz et al., 2010a; and references therein). Also magnetic doping
for spintronics research was realized for both GaN and ZnO using ion implantation of
transition metals or rare earth ions (Pearton et al. 2003, 2004, Brandt et al., 2010).
Furthermore many groups investigate the damage formation in ZnO and GaN upon ion
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implantation and its effects on the materials” properties (Kucheyev et al., 2001,2004; Ronning
et al., 2001; Pearton et al., 2006; and references therein).

The main effect of medium energy ions (several hundred keV range) on materials is caused
by energy transfer through atomic collisions (nuclear energy loss). However, other processes
active during the implantation are influencing the damage retained after the implantation
such as the diffusion of defects (strongly dependent on the implantation temperature) as
well as electronic excitations due to the electronic energy loss. The latter can for example
change the charge state of defects and influence their diffusivities. Typically, samples are
implanted and measured ex situ after the implantation to describe the retained lattice
damage. An important technique to study implantation damage is Transmission Electron
Microscopy (TEM) allowing a direct visualization of defects and the determination of their
microscopic nature. Other techniques such as Rutherford backscattering/channelling
(RBS/C), X-ray diffraction, Raman scattering, optical spectroscopy or electrical
measurements, among others, determine the effect of radiation defects on structural, optical
or electrical properties of the materials.

RBS/C allows the determination of defect concentrations with depth resolution and was
applied by many groups to investigate implantation damage build-up in GaN and ZnO (e.g.
Alves et al., 2003; Jiang et al., 2000; Kucheyev et al., 2001, 2003, 2004; Lorenz et al., 2005,
2009; Wendler et al., 2003). All these reports agree that both GaN and ZnO exhibit strong
dynamic annealing during implantation for a vast variety of ion species, energies and
implantation temperatures. Dynamic annealing denotes the crystal recovery during the
implantation by the recombination of interstitials and vacancies due to close pair
recombination as well as defect migration over longer ranges. These effects are of course
strongly dependent on the implantation temperature and ionization processes caused by the
irradiation. Such processes can be evidenced in RBS/C measurements since they lead to a
non-linear increase of defect concentration with ion fluence. Very high amorphisation
thresholds are reported for both ZnO and GaN due to this efficient dynamic annealing. In
fact, amorphisation of ZnO was only observed for high fluence Si implantation attributed to
strong chemical effects (Kucheyev et al., 2003), while heavy ion Au implantation at 77 K
(Kucheyev et al., 2003) and Ar implantation at 15 K (Lorenz et al., 2005) did not render ZnO
amorphous for fluences as high as 4x10%¢ at./cm?2. GaN can be rendered amorphous at room
temperature and below for high fluence implantation (e.g. 2x10% Ar/cm? at 300 keV and
15 K. Wendler et al., 2003) but the exact processes are still under debate (Ruterana et al.,
2011). Like in ZnO the implanted species have strong effects on the amorphisation
behaviour (Kucheyev et al., 2004). In general ZnO was found to be more resistant to
radiation damage. One reason for this may be the higher ionicity of the bonds (see Table 1)
which was shown to enhance the radiation hardness in semiconductors (see e.g. Trachenko,
2004; Wendler, 2011).

Besides defect recombination, mobility of point defects during the dynamic annealing
processes also favours the formation of extended defects such as point defect clusters,
stacking faults or dislocation loops. Indeed, TEM investigations for GaN (Wang et al., 2002;
Gloux et al., 2006) and ZnO (Perillat-Merceroz et al., 2011) showed the prominence of these
defect types in both materials for room temperature implantations.

In this work we review studies on the implantation damage build-up at 15 K in GaN and
ZnO measured by RBS/C (Wendler et al., 2003; Lorenz et al., 2005) and discuss similarities
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and differences of both materials. At this low temperature thermal diffusion of atoms and
defects is minimized. However, defect movement and rearrangement of atoms are still
possible, eventually enhanced by lattice strain and electronic excitation processes within ion
tracks. Furthermore, the mobility of point defects at temperatures well below room
temperature will be demonstrated. Finally, we will discuss the recent advances of optical
doping of ZnO and GaN by rare earth implantation.

2. Damage build-up for implantation at 15 K and low temperature annealing
2.1 Experimental details

Ion implantations were performed at 15 K in a special target chamber at the Institut fiir
Festkorperphysik in Jena, where in situ RBS/C measurements allow monitoring the defect
accumulation without changing the target temperature (Breeger et al., 2001). A schematic of
the set-up is shown in Fig. 2. The target chamber is connected to both the 400 keV ion
implanter and the 3 MV Tandetron accelerator used to produce the He* beam for the RBS/C

electronics for
controlling and
measurement

compressor

refrigerator

iy

sample on
goniometer

Faraday-Cup

3 MV- 400 kV-
Tandetron Implanter| | vacuum-chamber

P=10" mbar
Fig. 2. Schematic representation of the two-beam chamber used for the low temperature in

situ RBS/C measurements (Breeger et al., 2001).
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measurements. In each implantation series a sample is implanted step-wise and after each
implantation step a simple rotation of the sample is required to bring it in position for the
RBS/C measurement. The sample is mounted on a four axis goniometer and cooled by a
closed-cycle He refrigerator. A heating system allows tuning the temperature between 15 K
and room temperature. The implantations were carried out with the surface normal tilted by
7° off the ion beam direction to prevent channelling effects. The RBS/C analysis was
performed with 1.4 MeV He* ions and a Si surface barrier detector at 170°.

Commercial (Eagle-Picher) O-face (0001) ZnO single crystals were implanted with N, Ar,
and Er ions to fluences from 1x10%! to 7x1016 at./cm?2 using energies of 80, 200, and 380 keV,
respectively. GaN layers grown, either by Metal Organic Chemical Vapour Deposition
(MOCVD) or by Hydride Vapour Phase Epitaxy (HVPE), on (0001) sapphire substrates were
implanted with 300 keV Ar ions to fluences from 3x1012 to 4x1016 at./cm? as well as with 150
keV O, 780 keV Te, 800 keV Xe or 380 keV Au ions.

2.2 Damage build-up in ZnO

Figure 3 shows RBS/C spectra for Ar implanted ZnO (Wendler et al., 2009). The aligned
spectrum of the as-grown sample is also plotted for comparison. The backscattering yields
of the aligned spectra increase progressively with the implantation fluence due to the build-
up of implantation damage, but even for the highest fluence of 7x10% Ar/cm? the yield
remains well below the random backscattering level. As a measure for the produced
damage concentration, the difference in minimum yield Aymin is determined, where Aymin is
given by Aymin = (Yal - YalVi'sin) / Yra. Yavirgin and Y, are the RBS yields of the aligned spectra
for the unimplanted and implanted sample, respectively, and Y:, is the maximum yield
measured in random direction. To calculate the damage level the yields were integrated
within windows comprising the entire implanted layer leaving out the surface peak, as
indicated in Fig. 3.

backscattering yield

T |
250 300 350

I
150 200
channel number

Fig. 3. RBS/C spectra for ZnO implanted with Ar to different fluences compared to the as-
grown sample. The window used for the determination of Aymin is indicated.
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Figure 4a shows Aymin as a function of the ion fluence Ni for the three implanted ion species
(Lorenz et al., 2005). The curves do not show a simple linear increase of damage with the
fluence but two plateaus can be distinguished, where, within wide fluence ranges, the
damage level increases only slightly. Such behaviour is common in materials with strong
dynamic annealing effects (Kucheyev et al., 2004)-

Four stages of damage production can be distinguished, labelled stage I to IV in Fig. 4, and
which are interpreted as follows: In stage I, an almost linear increase of the lattice damage
with ion fluence is observed due to the formation of point defects in well separated collision
cascades. In stage II the damage saturates; this is attributed to the overlapping of the
damage cascades of single ions, allowing for an increased recombination of point defects
and the rearrangement of atoms to different defect structures. In stage III the damage
increases steeply indicating a slowing down of recombination processes and an enhanced
formation of stable defect structures. Stage IV shows a second plateau, being still
considerably below the amorphisation level. The last stage was only reached in the case of
Ar implantation.

The lines in Fig. 4 are calculated using a simplified version of the Hecking model (Hecking
et al., 1986). From the fit of this model to the data, in particular from the first low fluence
regime (stage I), the displacement energy for Zn could be estimated to be 65 eV (Lorenz et
al., 2005, Wendler, 2011). Although this value is only an upper limit since in-cascade
recombination of point defects can occur even at 4 K, the obtained value agrees well with
those found by other authors (see Zinkle & Kinoshita, 1997 and references therein).

Simulations with the Monte Carlo program SRIM 2008 (Ziegler et al., 2008) were performed
to determine the number of Zn displacements per ion and unit depth at the maximum of the
damage profile, Ngispi, using values for the displacement energies of Zn and O of 65 and 50
eV, respectively. Subsequently, the number of displacements per Zn atom, ngp., was
calculated for each fluence and ion using napa=Naispl'N1/No, where N is the ion fluence and
No=4.1475x1022 Zn/cm3 the atomic density of Zn in ZnO. This procedure allows the direct
comparison of damage build-up curves for different ions or energies. In Fig. 4b the damage
build-up curves are re-plotted as a function of ngpa. In this representation the curves for
different ions almost overlap. The slight differences observed may be due to the different
nature of defects created by ions with largely different masses. The collision cascades are
denser in the case of Er implantation, favouring the formation of extended defects and
defect clusters, which may be the reason why the steep damage increase in stage Il sets in at
lower ngpa values than it does for the lighter ions.

Fig. 5 shows selected aligned spectra for N and Er implantation for two different fluences.
The fluences were chosen to give approximately the same values of Ayminfor both Er and N
implantation and the defect levels DL1 and DL2 corresponding to the selected spectra are
marked in Fig. 4 (b). As expected, the fluence to produce a certain damage level is lower for
the heavier Er ion. The shape of the aligned spectra is very different for N and Er
implantation even for samples showing similar Aymin values. For N implantation, for both
defect levels the expected approximately Gaussian defect distribution is clearly seen from
the increased backscattering yield within the implanted region (channel 250 and higher)
while the backscattering yield decreases again for deeper layers (below channel 250).
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Fig. 5. <0001> aligned RBS/C spectra for ZnO implanted with N (a) and Er (b) to different

fluences corresponding to defect levels DL1 and DL2 as marked in Fig. 4b compared to the
spectrum of the as-grown sample.

Contrary, for Er implantation to DL2 such a decrease of Aymin is not observed for depths
beyond the implanted region (below channel number 350). It was shown previously that
point defects and amorphous zones preferentially lead to direct backscattering at displaced
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atoms while stacking faults and dislocation loops rather contribute to the increasing
minimum yield by dechannelling of the analyzing beam (see e.g. Feldmann, 1982; Wendler
et al., 2009). Therefore, both the high dechannelling rates (Fig. 5b) and the early on-set of
stage III in the damage build-up curve (Fig. 4b) for Er suggest that heavy ions facilitate the
formation of extended defects like dislocation loops.
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Fig. 6. Defect profiles ng.(z) for 200 keV Ar implanted ZnO for various ion fluences. For
clarity in (b) only some fluence values are given in the legend. The calculated distributions

of primary displacements (red solid line) and implanted ions (blue dashed line) derived
from SRIM simulations are given in arbitrary units for comparison.
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deposition is at 0.06-0.10 pm and the maximum ion concentration at 0.11-0.15 pm (see Fig. 6).

The occurrence of extended defects becomes especially obvious when analyzing the RBS/C
spectra in more detail, which is done for Ar implanted ZnO (Wendler et al., 2009). Figure 6
plots the relative concentration of randomly displaced lattice atoms ng, versus the depth z
(referred to as defect profiles in the following text). The calculated distribution of primary
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displacements and the Argon profile, both derived from SRIM simulations, are also
included for comparison. The profiles were calculated with the computer code DICADA
(Gértner, 2005) in order to take into account dechannelling. The calculations assume the
occurrence of uncorrelated displaced lattice atoms which follow when point defects, clusters
of point defects or amorphous zones exist within the implanted layer. These defect types
will contribute to the backscattering yield primarily by direct backscattering. Dislocations
and stacking faults, on the other hand, will induce strong dechannelling of the analysing
beam while the direct backscattering yield is relatively low (Feldman et al., 1982). Behind the
implanted layer (below ~0.3 um), nga. should reach zero if the correct type of defects is
assumed in the calculation. Within the experimental error this is only the case for very small
ion fluences ranging within stage I (see profile for 8x10'2 Ar/cm? in Fig. 6 (a)). This supports
the interpretation that stage I is mainly correlated with the production of point defects.
Within stage II strong defect recombination results in a nearly constant defect concentration
(see Fig. 4). Furthermore, the profiles in Fig. 6 (a) for 1.5x101 and 2x10%> Ar/cm?2 (both
fluences belong to stage II) suggest that there is an extension of the defect distribution
towards deeper regions and the defect concentration appears to deviate from zero below the
implanted layers. These findings indicate that, within stage II, point defects do not only
recombine but extended defects start to form like previously observed for room temperature
implantation in ZnO (Perillat-Merceroz et al., 2011). The processes within stages I and II are
solely determined by the energy deposition into collision processes. This can be seen from
Fig. 4 (b) which compares results for various ion species and shows a perfect overlap of the
damage build-up curves and also from Fig. 7 (a) which compares the defect concentration
for Ar implanted layers at various depths. The curves overlap for stages I and II.

For stages III and IV, on the other hand, Fig. 4 (b) shows that the curves Aymin versus ngpa
start to split for the various ion species suggesting that the implanted ion species themselves
become important for the damage formation. The same result can be deduced from the
profiles of the Ar implanted ZnO layers in Fig. 6 (b). The dominant rise of defect
concentration within stage III starts at a depth close to that of maximum displacements (see
profile for 3x10%5 in Fig. 6 (b)) but then shifts progressively to larger depths near the
implanted Ar ions (see profile for 7x1015 Ar/cm? in Fig. 6 (b)). From Fig. 6 (b) it is obvious
that for ion fluences within stages III and IV, the calculated profiles do not reach zero and
long artificial tails extend far beyond the implanted layer (the maximum range of primary
displacements or ions is about 0.3 um). This suggests that the dechannelling of the
analyzing ions within the implanted layer is not correctly treated when assuming only
uncorrelated displaced lattice atoms. Therefore the implanted layers must contain
extended defects. Most probably the damage consists of a mixture of point defect clusters,
stacking faults and dislocation loops. The occurrence of secondary effects in the damage
formation, being not solely determined by the nuclear energy deposition for stages III and
1V, is also seen in Fig. 7 (b), which shows the defect concentration versus the number of
displacements per lattice atom at various depths. In contrast to the results in Fig. 7 (a) no
uniform dependence is found.

2.3 Damage build-up in GaN

In Fig. 8 a set of RBS/C spectra is plotted for Ar implanted GaN (Wendler et al., 2003). For
low and medium fluences the spectra look similar to those of ZnO and also reveal high
dechannelling rates. GaN shows a more pronounced surface damage peak than ZnO. Strong
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Fig. 8. <0001> aligned RBS/C spectra for GaN implanted with 300 keV Ar to different
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surface damage in GaN is also often seen for room temperature implantation usually
attributed to the surface acting as a sink for migrating point defects. For fluences between
1.2 and 2x10% Ar/cm? the random level is reached (around channel no. 320) which is
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commonly taken as an indication for amorphisation. Amorphisation processes in GaN are
complex and not well understood. For room temperature implantation it was believed to
start at the surface (Kucheyev et al., 2004). However, recent studies indicate that this highly
damaged surface layer often consists of randomly oriented nanocrystals rather than an
amorphous phase (Ruterana et al., 2011). At 15 K we assume that real amorphisation occurs
since dynamic annealing is slowed down, however, from RBS/C measurements alone it is
not possible to distinguish amorphous and poly/nanocrystalline material.

To see this effect more clearly in the damage build-up curves, the window for the
determination of the Aymin does not contain the whole implanted layer (see Fig. 8). Fig. 9 (a)
shows the damage build-up curves as a function of the fluence for different ion species. In
order to compare the results for the various implanted ion species, in Fig. 9 (b) the ion
fluence was converted into displacements per Ga atom. Herein a displacement energy of
41eV for Ga and O was taken in the SRIM calculations, with the value for Ga being
determined in the same way as for ZnO by fitting the Hecking model to the damage build-
up curve (Wendler et al., 2004). This value of the displacement energy is in good agreement
with molecular dynamics calculations yielding an average value of 45eV for Ga and 109 eV
for N (Nord et al., 2003). The curves in Fig. 9 exhibit five stages of damage formation with
the first four being similar as discussed above for ZnO and stage V being the amorphisation
which occurs for all ion species (Wendler et al., 2003).

Figure 9 suggests that stage I occurs at given numbers of ngp, independent of the ion species.
The first saturation value in stage II is similar for all ion species except for Au ions which
may be connected with the fact that in this case the thickness of the implanted layer is only
one third of that for the other ion species. Stages III, IV and V shift to larger n4pa values with
decreasing mass of the implanted ions, pointing to the role of the implanted ions themselves
in these cases. More details about the defect evolution can be seen in the defect profiles
plotted in Fig. 10 for Ar implanted GaN, which were calculated as described above for ZnO.
Again, simulations for the profiles of primary displacements and Ar are included for
comparison. Within stage II there is not only a recombination of defects causing the very
weak increase of the defect concentration with rising ion fluence as seen in Fig. 9, but the
defect profiles extend into larger depth (see Fig. 10 (a) and (b); stage II for Ar ranges from
1x1014 Ar/cm? to about 1x1015 Ar/cm?). This indicates the occurrence of some defect
mobility even at 15 K and suggests that the formation of more complex defect structures
starts already within stage II. The formation of dislocation loops and stacking faults is
typically observed in GaN implanted at room temperature (e.g. Kucheyev et al., 2001; Gloux
et al., 2006). Their formation may be driven by the large strains induced into the implanted
layers by defects and implanted ions which cause an expansion of the c lattice parameter as
frequently observed by X-ray diffraction (Liu et al.,, 1997). At the onset of stage III, defect
accumulation occurs preferentially at the depth of maximum nuclear energy deposition and
within stage IV the defects again extend into larger depth (see Fig. 10 b) and c)). For all ion
species studied, amorphous seeds nucleate within a rather narrow layer at a depth below
the surface but which is neither that of maximum nuclear energy deposition nor that of
maximum ion concentration (see Fig. 10 d)). A further increase of the ion fluence renders
the implanted layer amorphous similar to a process known for silicon called ion beam
induced interfacial amorphisation (IBIIA) (Priolo & Rimini, 1990). As explained above,
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within stage III and IV a complex defect structure of point defect clusters and extended
defects is to be expected with the extended defects causing the artificial tails in the defect
profiles at depths beyond 0.35 pm. The transformation into the amorphous state is also
suggested by the successive disappearance of these tails in the defect profiles with
increasing ion fluence (see Fig. 10 d)).

1a) GaN

0.1-

O 150 keV |
Ar 300 keV i
Te 780 keV |
Xe 800 keV |
Au 350 keV [l

Axmin

0.014 .-,

1012 I ”,II”(|)13 o ”I:]I614 o "‘:1'615 o '”:1”2616 S 1“017
ion fluence N, (Ar/cm®)

A2

1b) GaN

0.1

Axmin

0150 keV |
Ar 300 keV |
Te 780 keV |
Xe 800 keV |3

Au 350 keV |]
ot o1 1 10

displacements per Ga atom

Fig. 9. Difference in minimum yield Aymir as a function of the fluence (a) and of the number

of displacements per Ga atom, ngpa (b) for 150 keV O, 300 keV Ar, 780 keV Te, 800 keV Xe
and 350 keV Au implantation into GaN.

0.01 4




Implantation Damage Formation in GaN and ZnO 251

0.08 : : : 0.4 : : :
a) GaN: Ar 10"°Ar/em? N ¢ 2 b)
. * 0.3 o - o1
0.064 ‘/"w»-ﬁ"\‘_._;’ A 01 7 0.3 2. “, A 15
7004 x ol sith, o, o 0.2/

0.02

0.00
0.8

0.6

0.4+

defect concentration n

depth z (um)
Fig. 10. Defect profiles nga(z) for 300 keV Ar implanted GaN for various ion fluences (in
1015 Ar/cm?). The calculated distributions of primary displacements (solid lines) and
implanted ions (dashed lines) are given in arbitrary units for comparison. Notice the
different scales of the ordinate.

2.4 Comparison of damage build-up in ZnO and GaN

Both ZnO and GaN were shown above to exhibit strong resistance to implantation damage
even at 15 K. Fig. 11 compares directly the damage build-up curves for 15 K Ar implantation
in ZnO and GaN. As already mentioned, GaN exhibits a very similar damage accumulation
behaviour to ZnO for the first four stages. In contrast to ZnO, in GaN the damage level
reaches the random level for the highest fluences (stage V), showing that the channelling
effect is completely inhibited and indicating the amorphisation of the material for fluences
around 2x10%6 Ar/cm? (ngpa~24) and higher. In ZnO, on the other hand, the damage level
stays well below the random level up to the highest fluence of 7x1016 Ar/cm? (ngpa~59).

For low fluences in stage I (up to ngp.~0.02) very similar damage levels are observed for
GaN and ZnO. This is obviously connected with the fact that the masses and displacement
energies of the two materials are comparable. In this stage the defect profiles agree well with
the distribution of primary displacements calculated with the SRIM code. This suggests that
the nuclear energy loss is the primary factor influencing the damage accumulation.

The second stage is interpreted as the fluence regime in which individual collision cascades
start to overlap allowing recombination of point defects and the formation of new defect
structures. The damage profiles expand towards deeper regions of the sample for both
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materials, suggesting that other factors besides the nuclear energy deposition start to
influence the damage build-up. The broadened defect distributions and the high
dechannelling yields point to a migration of point defects and a formation of extended
defects. Since the experiments were carried out at 15 K the defect mobility is most likely
induced by athermal processes. High lattice strain upon irradiation has been observed for
both materials (Liu et al. 1997; Perillat-Merceroz et al., 2011) and may be one origin for the
enhanced defect mobility. Electronic excitations possibly also influence the damage
formation. Despite these similarities between the behaviour of GaN and ZnO, in this stage
the damage level within the plateau is considerably higher for GaN (ng,~0.05) than for ZnO
(nda~0.02). This indicates a lower diffusivity of point defects and therefore lower
recombination rates or less efficient rearrangement of interstitials to extended defects in
GaN than in ZnO.

In stage III, both materials show a strong increase of implantation damage which occurs at
higher ngpa values for ZnO than for GaN. The damage profiles exhibit both a pronounced
peak typical for direct backscattering from point defect clusters arising in the implanted
zone and strong artificial backscattering tails for the deeper, unimplanted regions of the
sample suggesting the formation of stacking faults and dislocation loops. Indeed, for the
case of room temperature implantation into GaN the strongly increasing damage level
was attributed to both displaced atoms in point defect clusters as well as extended defects
(Pagowska et al., 2011). However, in GaN the direct backscattering peak arises at the
depth of maximum nuclear energy deposition while for ZnO the maximum of the defect
peak also starts in this region but then shifts deeper towards the end of range of the
implanted Ar ions. In stage IV the maximum defect level remains almost constant, being
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Fig. 11. Difference in minimum yield Aymin as a function of the number of displacements per
cation atom (Ga for GaN and Zn for ZnO) for 200 keV Ar implantation into ZnO and

300 keV Ar implantation into GaN. The plotted curves are fits based on the defect
interaction and amorphisation model of Hecking (Hecking et al., 1986).
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lower in ZnO than in GaN, showing again its better radiation resistance. In GaN we observe
a widening of the defect profile towards the surface and the bulk. For ZnO the shape of the
defect profile remains similar to that for stage III and the defect distribution only widens
slightly towards deeper regions. The different shapes of the defect profiles for GaN and ZnO
in stages III and IV indicate a different microscopic structure within the implanted layers in
the two materials.

Finally amorphisation is only reached for GaN (stage V). Amorphous seeds nucleate at a
depth with both high damage and high impurity concentration and grow during further
irradiation. Contrary, ZnO could not be rendered amorphous even for the highest fluence of
7x1016 Ar/cm?2.

2.5 Low temperature annealing of implantation damage

In order to investigate the mobility of defects (in particular Zn and Ga interstitials),
annealing experiments were performed at temperatures between 15 K and 250 K (Lorenz et
al., 2005, 2011). Samples were first implanted at 15 K to a certain fluence. Then isochronal
annealing steps were performed up to 250 K by heating the sample up to a certain
temperature for 10 min and then cooling it back to 15K in order to perform the RBS/C
measurement.

Fig. 12 shows Aymin values as a function of the annealing temperature after 15 K
implantation of 2x1012 Er/cm? into ZnO and 1.5%1013 Ar/cm? into GaN, corresponding to
stage I for which mainly point defects are to be expected. Both materials show partial
recovery of the lattice at low temperatures. In the case of ZnO the defect removal starts
between 80 and 130 K and for GaN the first annealing step at 100 K already reveals a
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Fig. 12. Difference in minimum yield Aymin as a function of the annealing temperature after
15 K implantation of 2x1012 Er/cm? into ZnO and 1.5x1013 Ar/cm? into GaN. Aymin Was

derived using the same window for GaN as shown in Fig. 8 and a window comprising the
entire implanted region for ZnO.
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decrease of Aymin. The total lattice recovery in the measured temperature range was seen to
be better in ZnO. The damage level in ZnO decreases by 60% while that in GaN only
decreases by 30%. However, the initial damage level in GaN was higher which may also
influence the subsequent annealing results.
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Fig. 13. RBS/C aligned spectra for different annealing temperatures after 15 K implantation
of 2x1014 Er/cm? into ZnO (a) and 2x10%5 Ar/cm? into GaN (b).
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To investigate the low temperature defect annealing for higher damage levels ZnO was
implanted to a fluence of 2x1014 Er/cm? and GaN to a fluence of 2x10%5 Ar/cm?, both
fluences corresponding to stage III (see Figs. 4 and 9). RBS/C aligned spectra after the
implantation and different annealing steps are shown in Fig. 13. In the case of ZnO no defect
removal is observed up to 180 K, the highest temperature applied. In the case of GaN a very
slight recovery of the crystal occurs after annealing at 80 K but increasing the temperature
further has no effect on the spectra. The annealing in GaN occurs mainly in a deep region
beyond the main defect peak.

We see a clear lattice recovery for fluences corresponding to stage I where mainly point defects
are expected. This finding indicates that point defects in both materials are mobile at
temperatures as low as 100 K. In ZnO annealing of point defects created by electron irradiation
was seen to occur in several steps starting at 110 K in good agreement with our observations
(Gorelkinskii and Watkins, 2004). Also in the case of GaN indications were found for a long
range motion of an intrinsic defect starting at about 100 K (Chow et al., 2000).

In contrast to the high mobility of point defects in GaN and ZnO, extended defects are
known to be thermally stable. A significant reduction of stacking faults in GaN created
during implantation was only observed for temperatures well above 1000 °C (Wojtowicz et
al., 2006). Similar results are found for ZnO where in particular basal loops and linear
dislocations appeared to be stable after 900 °C annealing (Perillat-Merceroz et al., 2011). The
fact that almost no lattice recovery takes place below room temperature (see Fig. 13)
supports our previous assumption that in stages III and IV a complex network of extended
defects forms already during implantation at 15 K. The slight annealing in the case of GaN
can be attributed to the annealing of remaining mobile point defects similar to the effects
seen for the lower fluence (Fig. 12).

3. Rare earth doping and annealing of GaN and ZnO
3.1 Rare earth doped wide bandgap semiconductors

Rare earth (RE) ions incorporated into transparent compounds often prevail in the trivalent
RE3* state and show characteristic light emission properties with wavelengths from infrared
to ultraviolet, covering the entire visible spectrum. These emission lines originate from
transitions within the 4f electron shell which is only partially filled while it is surrounded by
filled 5s and 5p orbitals. This shielding is the reason why RE emissions are relatively
insensitive to the surrounding matrix (although it is the crystal field of the host matrix that
relaxes the selection rules allowing optical transitions which are forbidden in the free ion).
Therefore RE** emission lines are very narrow, show similar wavelengths in different
materials and the wavelength is very stable in a wide temperature range. The most
prominent example exploiting RE emissions is probably the Nd:YAG laser.

Since Favennec (Favennec et al., 1989) has shown that RE3* emission quenching with
temperature is decreasing with increasing energy gap of the semiconductor host, strong
research efforts have been undertaken in RE doping of wide bandgap semiconductors like
[I-nitrides and II-oxides. The wide bandgap of GaN and ZnO furthermore allows light
emission in the visible. In fact, GaN was successfully doped with RE ions both by ion
implantation or in situ doping techniques and red (Eu, Pr), green (Er, Tb), and blue (Tm)
light emission has been achieved (Steckl et al., 2002). Recently the first current injection LED,
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operating at low voltages, based on GaN:Eu was realized for doping during epitaxial
growth (Nishikawa et al., 2009). Results on RE doping of GaN by ion implantation have
been reviewed in (Lorenz et al., 2010a). Optical activation of RE ions in ZnO was found to be
more challenging. In both lattices the large RE ions will be more easily incorporated on the
cation site. While RE3+ in GaN is isoelectronic to Ga, in the case of ZnO some defects or
impurities are necessary for charge compensation. RE emission has been reported from
polycrystalline pellets and nanomaterials but doping single crystals was less successful
(Jadwisienczak et al., 2002, Alves et al., 2003).

Directly after implantation GaN and ZnO samples are typically optically inactive.
Implantation defects act as nonradiative recombination paths for excitons and quench both
the native luminescence of the host and the RE emissions. Thermal annealing is necessary to
remove defects and optically activate the rare earth ions. An empirical rule states that
efficient removal of implantation damage should take place during annealing at two thirds
of a material’s melting temperature (in Kelvin) i.e. ~1600 °C for GaN and ~1200 °C for ZnO.
However, at such high temperatures the more volatile N and O start to diffuse out of the
samples and induce dissociation of the material. For example GaN was shown to start to
dissociate at temperatures as low as 800 °C (Bartels et al., 1999). Also in ZnO outdiffusion of
O occurred at temperatures as low as 500 °C if no oxidizing annealing atmosphere was
chosen (Pearton et al., 2004).

In GaN, the effect of thermal annealing on RE emission intensity and spectral shape has
been intensively studied. Best results were obtained for annealing well above 1000 °C using
special measures to protect the surface such as thin AIN capping layers (Lorenz et al., 2004)
or extremely high nitrogen pressures (Rogan et al., 2010). Although Europium luminescence
intensity is seen to rise strongly with the annealing temperature, implantation defects are
thermally very stable and full recovery of structural defects could only be achieved for low
implantation fluences. To reach technologically interesting Eu concentrations of > 0.1 at.%
high implantation fluences are necessary and it was shown that in such heavily damaged
samples residual damage remains even after annealing at temperatures as high as 1450 °C
(Lorenz et al., 2010a). Nevertheless, high quality films were produced with emission
properties similar to in situ doped films used in GaN:Eu LEDs (Lorenz et al., 2010b).

Implantation damage in ZnO after high fluence RE implantation was shown to be fully
recovered for 1000 °C annealing in air (Alves et al., 2003), i.e. remarkable 200 °C below the
temperature expected for efficient defect removal. Despite this promising result, optical
activation of the RE was not achieved. RBS/C shows that the RE diffuses towards the
surface during the annealing where it accumulates leading to a second peak in the RBS
spectrum (Alves et al., 2003). Furthermore, during the 30 min annealing at 1050 °C about
50% of Er ions were lost (Alves et al., 2003). These results indicate a very low solubility of RE
in ZnO. In fact, optical activation of RE implanted single crystalline ZnO was only shown
for annealing temperatures below 300°C (Jadwisienczak et al., 2002), insufficient to
effectively remove implantation damage. In some polycrystalline or nanostructured
materials, on the other hand, RE emission was observed probably arising from RE residing
in grain boundaries or secondary phases (Monteiro et al., 2006).

This chapter does not aim to give an extensive review on RE doping of GaN and ZnO,
which would be beyond the scope of this book. In the following we will discuss some
RBS/C results in GaN and ZnO in a comparative manner in order to shed some light on the
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processes mentioned above leading to efficient RE emission from GaN while RE doping of
ZnO remains challenging.

3.2 Experimental details

GaN and ZnO thin films grown by metal organic vapour phase epitaxy (MOCVD) on
sapphire substrates were implanted with 160 or 300 keV Eu ions at room temperature. The
fluences (1-2x1015 Eu/cm?) were chosen to introduce technologically relevant concentrations
of Eu while keeping the implantation damage low. Annealing of the samples was performed
at 1000 °C in N> atmosphere either for 2 min in a rapid thermal annealing (RTA) equipment
or for 20 min in a conventional tube furnace. RBS/C random and aligned spectra as well as
full angular scans in the <0001> axis and one additional axis were acquired using 2 MeV
He* particles.

3.3 Experimental results

Fig. 14 presents RBS/C spectra for 1.3x1015 Eu/cm? implantation into ZnO (a) and GaN (b)
at room temperature and 300 keV. The aligned spectra of the as-grown samples are also
shown for comparison. After implantation the minimum yield within the implanted area
increases from 4% to 34% for ZnO while for GaN it increases from 2% to 54%. Therefore, like
for low temperature implantation, also at room temperature the damage level for a given
implantation fluence is lower in the case of ZnO. The surface damage peak is clearly seen
for GaN and is absent for ZnO. After annealing GaN for 20 min and ZnO for 2 min at
1000 °C and in nitrogen atmosphere the minimum yields are comparable (~15%). It was
shown that for similar implantation conditions, annealing ZnO for 20 min in air could
restore the minimum yield of the as-grown sample (Miranda et al., 2011). However, for
such treatment the RE is seen to diffuse out of the sample. Therefore in this study RTA
was used in an attempt to suppress diffusion. In fact, the Eu profile after annealing did
not change as it was shown in (Miranda et al., 2011) but no optical activation of Eu was
reached while the GaN sample shown in Fig. 14 b revealed the typical red Eu emission at
~620 nm (Lorenz et al., 2009).

In order to analyse this behaviour in more detail, full angular scans were performed for Eu
and Zn/Ga allowing the determination of the lattice site location of Eu in the ZnO and GaN
host matrix. Fig. 15 shows these scans for the <0001> axis as well as for an additional axis.
Directly after the implantation the <0001> scans for Eu and both Ga and Zn overlap
completely suggesting that Eu is located on substitutional lattice sites in both hosts.

In the case of GaN, the minimum yield for Ga decreases after RTA at 1000 °C due to the
lattice recovery while the scan for Eu remains basically unchanged. This shows that
annealing does not promote the further incorporation of Eu on substitutional sites.
Nevertheless, the substitutional fraction remains high after annealing,.

It is worth to note that the Eu scan in the tilted <1011 > axis shows a slight narrowing
compared to the Ga scan indicating that Eu occupies near-substitutional Ga-sites in GaN
with a slight displacement along the c-axis (Monteiro et al., 2001). The high substitutional
fraction is a prerequisite for efficient RE emission in GaN, in fact, a correlation between
substitutional fraction and Eu luminescence intensity was found for implanted samples
(Lorenz et al., 2009).
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Fig. 14. RBS/ C spectra for ZnO (a) and GaN (b) implanted with 1.3x10%> Eu/cm?2 with
300 keV at room temperature. The aligned spectra are shown for the as-implanted samples
and after annealing at 1000 °C in N (2 min for ZnO and 20 min for GaN).

For ZnO a different behaviour is observed. RTA successfully removes implantation damage
but the minimum yield of Eu is increasing (Fig. 15a). The scans after annealing reveal a very
low substitutional fraction of only 13% while the remaining Eu is incorporated on random
sites in the ZnO lattice. So although the RTA treatment suppresses long distance diffusion of
Eu, it drives the ions out of the substitutional into random lattice sites. A decreasing
substitutional fraction with increasing annealing temperature has also been observed using
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the emission channelling technique for considerably lower implantation fluences than used

in this study (Wahl et al., 2003).
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Fig. 15. a) Full angular RBS/C scans in the <0001> and the <2113 > axes for ZnO implanted
to 1.3x1015 Eu/cm? with 300 keV at room temperature. b) Full angular RBS/C scans in the
<0001> and the <1011 > axes for GaN implanted to 1.5x10%5 Eu/cm? with 160 keV at room
temperature. Both samples were annealed for 2 min in N> atmosphere in a rapid thermal

annealing (RTA) equipment.

The exact reasons for the difficulty to achieve optical activation of RE ions implanted into
ZnO are still under debate. Radiative transitions may be suppressed due to the
microstructure in the direct vicinity of the RE ions which may possess an unsuited crystal
field or promote non-radiative recombination. Optical activation of implanted RE ions in
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ZnO was reported for annealing at 150 °C but the emission gradually vanished with
increasing annealing temperature (Jadwisienczak et al., 2002). These results together with
the structural results discussed before indicate that the observed change of lattice site of the
RE ions during annealing leads to the suppression of RE luminescence.

4. Summary and conclusions

The radiation damage formation upon low temperature ion implantation has been
compared for GaN and ZnO. It was shown that both materials exhibit strong dynamic
annealing effects even at 15 K. The damage build-up with fluence was found to proceed in a
similar way for GaN and ZnO for low and intermediate fluences. Several stages could be
distinguished in the damage formation processes. For low ion fluences an almost linear
increase of damage with the ion fluence is observed attributed to the formation of point
defects in isolated collision cascades (stage I). When the damaged regions produced by
single ions start to overlap, vacancies and interstitials can recombine resulting in a plateau-
like slow increase of the damage level (stage II). Furthermore our results point to a long
range migration and the formation of extended defects within stage II driven by athermal
processes. For higher fluences more stable defect complexes form (stage III) and the damage
level increases steeply before reaching a second plateau (stage IV). It can be assumed that
within stages IIl and IV a complex network of extended defects (dislocation loops and
stacking faults) and point defect clusters forms, similar as observed for room temperature
implantation. For high fluences (stage V) GaN amorphises. Contrary, stage V was not
reached in ZnO, i.e. it was not rendered amorphous up to the highest fluence applied.

Annealing studies were performed in the temperature range from 15K to room
temperature. For low fluences (stage I) implantation defects are shown to be mobile at
temperatures well below room temperature in both semiconductors. However, for higher
fluences (stage III) nearly no defect recovery is observed supporting the assumption that
thermally stable extended defects have formed even at 15 K.

In conclusion, GaN and ZnO are proved to be radiation resistant even during implantation
at very low temperatures. However, the effective defect migration processes favour the
formation of extended defects at higher fluences. These defect types are thermally very
stable posing a challenge for post-implant annealing which is necessary for implant
activation in devices.

Finally, the implantation technique was applied to dope both materials with optically active
rare earth (RE) ions. Despite the better radiation properties of ZnO, optical activation of RE
could not be achieved which is attributed to the fact that annealing causes a site change of
the RE from substitutional to random interstitial sites. For many annealing treatments out-
diffusion of the RE is observed due to a low solubility limit. Annealing procedures beyond
thermal equilibrium such as laser annealing or taking advantage of the high electronic
energy loss by swift heavy ion irradiation may circumvent the problem of site stability of the
implanted RE atoms. Further investigations in this direction would be desirable. GaN:RE, on
the other hand, shows bright RE emission in the three primary colours. However, the
incomplete recovery of implantation damage still poses problems mainly caused by the out-
diffusion of N at high temperatures. Above mentioned advanced annealing techniques are
worth to be studied as a means to avoid N out-diffusion. Also multi-step
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implantation/annealing processes may improve the structural and optical characteristics of
implanted GaN. Here fluences should be kept low to avoid the formation of extended defects
(preferably corresponding to stage I) and after each implantation step the sample is annealed.
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1. Introduction

Optical waveguides are key elements of many photonic devices; for this reason many
materials and methods have been intensively studied to fabricate them. Ion implantation
provides a general and flexible method to achieve this goal, with several advantages over
the alternative techniques (Townsend ef al., 1994). Most optical waveguides and integrated
optical devices are manufactured using low-energy light ions (H and He), taking advantage
of the effects caused by nuclear damage. However, this is achieved at the expense of using
very high fluences (1016-10"7 c¢m=2), which reduces the practical utility of the method
(Olivares et al., 2007c).

The study of irradiations with heavier ions (A > 12) and higher energies (4-100 MeV), where
the electronic stopping power dominates over the nuclear, has increased recently, as a way
to overcome this limitation (Olivares ef al., 2005a). The characteristics associated with these
processes differ significantly from those applied to nuclear collisions. In particular, the
complete amorphization of the lattice can only be achieved when the electronic stopping
power is above a certain threshold (Olivares et al., 2005a). In this respect, it has been shown
that a controlled damage can be generated by selecting the type of ion and its mass, energy
and fluence, obtaining a micro-processing of crystals with a degree of accuracy, flexibility
and efficiency well beyond the current state of the art. The optical waveguides produced
with this method are both an end in itself (Caballero et al., 2005; Olivares et al., 2005b, 2007c;
Garcia-Navarro ef al., 2006; Manzano ef al., 2010) and a mean that allows the precise study of
several fundamental aspects of the generation and accumulation of electronic damage
(Agullo-Lopez et al., 2006; Garcia-Navarro et al., 2007; Rivera et al., 2010a; b; Garcia et al.,
2011).

For example, by irradiating LiNbOs; with moderate ion fluences (2x104 cm2) of F were
obtained waveguides with nonlinear properties comparable to those of other LiNbO; guides
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(Bentini et al., 2004), having high confinement profiles clearly advantageous over other types
of guides and losses around 1 dB/cm. Waveguides have also been achieved by using the
ions O, Si and Mg (Hu et al., 2001; Bentini et al., 2002), and in the KGW crystal (Garcia-
Navarro et al., 2006), indicating the potential generality of the method. Of particular interest
are the waveguides obtained by irradiating in the regime of high electronic stopping power
(~5-6 keV/nm) and ultra-low fluence (2x1012 cm-2) (Olivares et al., 2007c), because of the
short irradiation time required.

In this book chapter, we intend to review the current state of the art on the fabrication of
optical waveguides in insulating materials by means of ion implantation. The first
overviews of this topic were performed by Townsend and colleagues in 1987 (Townsend,
1987) and 1994 (Townsend et al., 1994), summarizing the results obtained up to these dates.
Later, in a follow-up review paper, Chen and co-workers (Chen et al., 2007) summarized
the progresses between 1994 and 2006. Moreover, there have been some focused reviews,
presenting the progresses on the 2D waveguide production in insulating materials by ion
implantation (Chen, 2008), waveguides fabricated on lithium niobate (LiNbOs) by the
irradiation with swift heavy ions (SHI) (Olivares et al., 2007c) and the production of
photonic guiding structures on LiNbO3 by energetic ion beams (Chen, 2009b). However,
despite these precedents, there have been in recent years a large number of achievements
in these areas that make necessary and updated review summarizing them. In this work
we have focused on the results reported between 2007 and 2011, putting a particular
emphasis on differentiate the waveguides fabricated by ion implantation (i.e., the
traditional ones, where nuclear collisions are the dominant process) from those made by
ion irradiation (i.e., where the electronic energy loss is dominant) because, in our
experience, they are frequently confused.

We have divided this chapter in four sections, where the first one is this introduction. The
basic methods used for the fabrication and characterization of ion implanted optical
waveguides are described in Section 2. Section 3 summarizes the principal materials where
this technique has been used to generate optical waveguides. Finally, the main applications
of the fabricated waveguides are exposed in Section 5.

2. Experimental methods

In this section we will describe the basic methods used for the fabrication and
characterization of ion implanted optical waveguides. First, we will describe some
important aspects of ion implantation, then analyze the subtle but important differences
between ion implantation and ion irradiation and finally discuss the thermal treatments and
refractive index reconstruction methods.

2.1 Modification of materials using ion beams

Bombardment of a material with ion beams constitutes a very efficient and controllable way
to modify the properties of the material in the near-surface region. This effect provides an
useful technique to fabricate optical waveguides and other photonic devices requiring that
at least one of the dimensions scales with the light wavelength. There are two main
contributions to the ion-beam modification (damage) process; one of them, usually defined
as irradiation damage, is associated to the interaction of the incoming ions with the material;
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i.e, to the energy deposition. In turn, two different energy deposition processes can be
considered, either through elastic atomic collisions or through electronic excitation
processes. The two processes are, respectively, characterized by the nuclear S, and electronic
S, stopping powers, defined as the energy loss per unit depth of the ion trajectory.

The other contribution to the modification of the material has to do with the incorporation
of those bombarding ions into the structure of the material, i.e. ion implantation. Ion
implantation occurs mostly near the end of the ion trajectory when the ion energy has
decreased below ~10 keV/amu, where the nuclear stopping power is dominant. In many of
the earlier works dealing with the preparation of optical waveguides using ion beams these
two effects were strongly intermixed. However, more recently, a strong research activity is
being devoted to the irradiation with ion beams of ions of medium mass and high energy
that results in the separation of the region of strong electronic damage from that associated
to nuclear damage and implantation.

2.1.1 Passage of ions through matter: Stopping powers

We will briefly review here the energy loss mechanisms and the main processes describing
the energy transfer from the incoming ion to the material, including the possible formation
of point defects. This is a specialized topic in nuclear physics that has been extensively
reviewed. As we said before, elastic collisions between the incoming ions and the atoms of
the material and electronic excitation processes associated to ion-electron interactions (atoms
are not affected) are the two main mechanisms for energy loss. Their relative importance
depends on the type of ion and input energy. Both losses mechanisms are described by the
so-called stopping powers or more properly stopping forces (either nuclear or electronic) that
are defined as the energy loss per unit length of the trajectory. They are dependent on the
ion charge and mass as well as on the ion energy (velocity). As a general rule, electronic
stopping power is dominant at high input energies, whereas nuclear processes take the lead
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Fig. 1. Simulated stopping powers and ion distributions for bromine implanted on LiNbO3
at 100 keV (a) and 40 MeV (b). The insets represent the lateral straggling of the implanted
ions. Note the different depth scales. Calculations were performed using SRIM 2008
(Ziegler, 1985, 2008).
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at low energies (< 10 keV/amu). The stopping power curves as a function of penetration
depth are illustrated in Figure 1. Since ion-electron interactions involve low momentum
transfers, the ion trajectories are straight at high energies and become zigzagging in the
nuclear collision regime, where momentum transfer is relevant. The main parameters of the
trajectory, projected range and straggling, are indicated on the figure. The bombarding ions are
finally implanted in the material once they have slow down sufficiently. The transversal
definition of such trajectory reaches the nanometric scale in the electronic regime and is of
micrometric size at lower energies. These features are quite relevant when using ion beams
for patterning of materials. A complicating feature when trying to determine the stopping
powers and compare to experiments is the change in the charge kept by the ion during its
path in the material. In other words, the charge associated to the ion is a function of ion
velocity and it is continuously readjusting during its motion. The point is that electrons
whose orbital velocity is lower than the ion velocity are stripped from the ion.

2.1.2 Nuclear collision processes and displacement damage

Elastic nuclear collisions are described within a classical, often non-relativistic, framework.
The nuclear stopping power is linear with energy up to a maximum value at an energy E;
and then decreases according to the law, S, <InE /E. To describe energy transfer in this
regime a rather simple but useful approach can be used. It considers binary elastic collisions
and that the material is amorphous (random atomic locations). Let us consider an incident
ion of charge Z and mass M; impinging with a kinetic energy Ey on an atom at rest and mass
M, both energies in the laboratory frame, Figure 2. The cross-section for transfer of a kinetic
energy T to the target atom is often described by the Rutherford law:
7 b? 1

O-(T):TTMF' @

b being the distance of closest approach in a head-on collision and T, =4E,M / (M, +M,)?

the maximum transferred energy.

Mll EO

Fig. 2. Schematic representation of a classical two-body atomic collision in the laboratory
frame.
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In fact, the Rutherford formula only applies for high enough incident energies. For lower
energies a screened Coulomb potential applies and the formula has to be adequately
corrected. In the limit of very small energies one must use a hard-sphere potential leading to
an energy-independent cross-section. If the transferred energy, T, overcomes a certain value
Ep for displacement energy the knocked atom is ejected from its lattice position creating a
vacancy and an interstitial; i.e., a Frenkel pair. This is the primary damage process in the
nuclear regime. In the Rutherford approximation the displacement cross-section is:

E 2
b° T,
oy =[o(T)dT =21, o)
¥ 4 E,

which is proportional to the incident energy. To calculate the overall defect concentration
produced by the ion bombardment one has to take into account the secondary
displacements caused by each primary displaced atom. The number v of secondary
displacements is obviously 1 for T > Ep, whereas for T >> Ep is given by v = % T/Ep . Then,
one can obtain for E >> Ep the following approximate expression for the average number of
secondary displacements per a primary displaced atom is:

T (max)
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Taking into account the low range of the displaced atoms within the crystal lattice all of
them will be quite close to each other forming a region of high disorder (displacement spike).

2.1.2.1 Calculation methods

Efficient codes are now available to compute, both, the energy loss and the amount of
displaced atoms during ion propagation. Stopping and range of ions in matter (SRIM)
(Ziegler, 1985, 2008), the most widely used, is based on the binary collision approximation, a
Monte Carlo simulation method, with a random selection of the impact parameter of the
next colliding ion. It allows the calculation of various quantities such as the vacancy
concentration, sputtering rate, ionization and phonon production in the target material,
energy deposition rate (divided in the nuclear and electron losses) and the three-
dimensional distribution of the ions in the solid and its parameters (penetration depth,
lateral spread - i.e., the straggling -, etc.). Unfortunately it also has some limitations; for
instance, the cumulative damage produced by the electronic energy deposition cannot be
simulated with this software.

More recently, molecular dynamics (MD) methods have been developed to deal with the
problem of damage in a more rigorous way. The evolution of the system (solid) is calculated
once the interatomic potentials are known (usually from ab initio calculations). One can
calculate the net force acting on any particle of the system from the gradient of the potential
and then solve the classical motion equations for all the atoms in the system. The result is
that the trajectory of every atom is obtained at any given time. Actually, the atomic
interactions are described by the Quantum Mechanics; however, the classical approach turns
out to be very appropriate to describe many effects at a much lower computational cost than
the Quantum formalism.
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Molecular dynamics is not limited by the binary collision approach and hence provide a
more realistic view of the defects formed upon different conditions. For instance, by means
of molecular dynamics methods one can study defects produced through elastic collisions,
thermal treatments or mechanical stress. As an example, Figure 3 shows fission tracks
produced in zircon (Moreira et al., 2010). The amorphous structure of the tracks becomes
evident with molecular dynamics calculations. An important aspect of molecular dynamics
is that it makes possible to follow not only the formation of defect cascades upon irradiation
but their subsequent evolution. For example, by means of molecular dynamics calculations
(Trachenko et al., 2006) studied the resistance to amorphization of different ceramics (SiO,,
GeO,, TiO;, ALO3; and MgO) bombarded with U ions of 40 keV (to simulate U recoil in
alpha decay). The authors concluded that the resistance to amorphization is primarily
governed by the cascade relaxation process, being very efficient in MgO or ALOs (most
defects annihilate) whereas it is inefficient for SiO, and GeO; (as a result significant damage
is accumulated).

Fig. 3. Projection of atom positions in a slice through the center of fission tracks from the
final configuration for Zircon with the following dE/dx values: (a) 3.90; (b) 5.94; (c) 7.65;
and (d) 12.75 keV nm-1. Blue circles are Zr, yellow ones are Si and red ones are O
(Moreira et al., 2010).

The application of Molecular Dynamics to swift heavy ion irradiation of ceramics requires
more care. The reason is that in this case most of the ion energy is transferred to the target
by electronic excitation mechanisms. At the moment defect production in the electronic
excitation regime is described by phenomenological models presented later in this
chapter. In some cases Molecular Dynamics simulations have been applied to swift heavy
ion irradiation of ceramics making use of an electron-phonon coupling mechanism for the
energy transfer from electrons to the lattice. For example, it was shown (Pakarinen et al.,
2010) how the high energy density induced by swift heavy ions in a nanometric-size track
leads to density variations in both amorphous and crystalline materials. The changes
induced in ZnO by swift heavy ion passage, as well as the subsequent lattice relaxation,
are shown in Figure 4. This type of simulations does not consider possible mechanisms of
defect formation via non-radiative decay mechanisms of electronic states (e.g., trapped
excitons). When these mechanisms play a role they must be considered because the
energy stored in these states is similar to that finally transferred to the lattice via electron-
phonon interaction. The point here is that including such mechanisms is beyond the
classical approach.
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passage (left) and after 250 ps cooling (right) (Pakarinen et al., 2010).

An appropriate description of these mechanisms requires in general a Quantum Mechanical
formulation difficult to include in classical Molecular Dynamics. Some efforts are being
carried out to include electronic effects in Molecular Dynamics simulations in a
computationally cost-effective manner (Duffy & Rutherford, 2009). Additional work in this
line may seriously contribute to describe defect production in the electronic excitation
regime. Note that the topic of swift ion irradiation applied to waveguide fabrication
constitutes an important part of this chapter.

2.1.3 Processes triggered by electronic excitation: Energy loss

The analysis of the electronic stopping power and its implication on the generation of lattice
disorder is more complicated and requires a mechano-quantical formalism. However, a
number of theoretical, mostly phenomenological, approaches are available. As for the
energy loss processes, the ion velocity is crucial to determine its charge and, therefore, its
electronic interactions. One should distinguish two main limiting cases depending on
whether the ion velocity is lower or higher than the electron velocity in the atomic orbitals.

107 e

" electronic energy loss
10°F ~1 MeV/u 3

nuclear energy loss
~1 keV/u

10-3 n n n n L n n L n n
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Fig. 5. Relation of nuclear and electronic energy loss as a function of the ion energy for Au
ions on SiO,. Calculations were performed using SRIM 2008 (Ziegler, 1985, 2008).
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In a first case, corresponding to low ion energies (velocities) the Lindhard and Firsov
theories (formation of a quasi-molecule) apply yielding a quadratic dependence on energy,
S, oc EY/?, up to an energy E; where a maximum stopping is reached (Bragg peak). This
corresponds to stage III of the curve in Figure 5. In the second case, the Bethe-Bloch models
based on a pure Coulomb interaction between a fully stripped ion and the electron are
adequate predicting a dependence, S, c InE / E. This is the behavior observed for stage IV
of the curve. One notices that the electronic stopping is clearly dominant except for low
enough energies up to Ej.

2.1.4 Damage caused by electronic excitation: Experimental observations
2.1.4.1 Amorphous tracks

The most clearly observable effect of ion-beam damage in the electronic stopping regime for
many oxide, semiconductor and even metallic materials, is the formation of heavily-defective
and even amorphous linear tracks around the trajectory of single ion impacts (Itoh et al., 2009).
This fact has been known since middle seventies and has been successfully applied to charge-
particles dosimetry and age determination of rocks and minerals. There is strong evidence that
the generation of tracks is not related to nuclear collision processes and it is only possible for
electronic stopping powers above a certain threshold value. The threshold depends on
material, ion type and even slightly on ion velocity. A list of thresholds is given in Table 1. A
number of techniques have been successfully used to observe and characterize those tracks,
including transmission electron microscopy (TEM), atomic force microscopy (AFM),
Rutherford backscattering in the channeling condition (RBS/C), Mossbauer spectroscopy, etc.
As an illustrative example we show in Figure 6 a high-resolution TEM picture of a track in
LiNbOs. Another interesting effect associated to the presence of tracks is the swelling of the
sample surface that forms a hillock of nanometric height and radius at the ion impact point
(Canut et al., 1996). The effect is, indeed, related to the elastic strains associated to the linear
amorphous inclusion inside the unirradiated material.

5 nm

Fig. 6. High-resolution TEM micrograph of a LINbO; sample irradiated with Br 45 MeV ions
at a fluence of 3x100 cm2 after annealing in air for 30 min at 275°C, showing amorphous
tracks of about 2.5 nm (Crespillo et al., 2011).
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SiO: (2) (Meftah et al., 1994)
a-Ge (3) (Furuno et al., 1996)
SiO2 (3.5 #) (Arnoldbik et al., 2003)
0-5 LiF (4) (Trautmann et al., 2000)
BaFe12019 (4) (Meftah et al., 1994)
PdsoSizo (amorphous) (Klaumiinzer et al., 1986)
Mica (5) (Toulemonde et al., 1994)
CaF: (5) (Boccanfuso et al., 2002)
YsFesOn2 (6.5) (Meftah et al., 1994)
LiNbO:s (7) (Meftah et al., 1994)
5-10 SiO: (7 #) (Khalfaoui et al., 2003)
MgALOs (7.5) (Zinkle & Skuratov, 1998)
Y;Als012 (7.5) (Meftah et al., 1994)
10-15 InP (14%) (Kamarou et al., 2008)
SisNs (15) (Zinkle et al., 2002)
MgO (15.8 #) (Skuratov et al., 2003)
15-20 YsFesO12 (16 #) (Meftah et al., 1994)
a-5i (17) (Furuno et al., 1996)
GeS; (18) (Vetter et al., 1994)
UsSi (19) (Hou & Klaumiinzer, 2003)
90-25 InP (20) (Gaiduk et al., 2000)
MgO (20) (Beranger et al., 1996)
AlLOs (21) (Canut et al., 1995)
ALOs (25 #) (Skuratov et al., 2003)
25-30 GaSb (28) (Szenes et al., 2002)
InSb (28) (Szenes et al., 2002)
InAs (28) (Szenes et al., 2002)
UO: (29) (Matzke et al., 2000)
Zr (30) (Dunlop & Lesueur, 1993)
Bi (31, 31%) (Wang et al., 1996)
GaAs (31%) (Kamarou et al., 2008)
30-35 Ge* (33) (Kamarou et al., 2008)
GaN (<34) (Kucheyev, 2004)
SiC (>34) (Zinkle et al., 2002)
AIN (>34) (Zinkle et al., 2002)
SiosGeos (34) (Gaiduk et al., 2002)
Si (37%) (Kamarou et al., 2008)
35-40 Co (37) (Dunlop & Lesueur, 1993)
Ge (38) (Colder et al., 2001)
GaAs (38%) (Colder et al., 2001)
Fe (40) (Dunlop et al., 1994)
Ge (42 Komarov, 2003
Above 40 Si (ie*g EDunlop etal, 1398)

Table 1. Thresholds (keV/nm) reported from various sources [reproduced from (Itoh et al.,
2009)]. Values for Cg projectiles are marked *, and those where surface data are given are

marked #. Values in the 7.5-14 keV/nm range are rare, so group I and group II are
separated. Group I all have low bandgaps and/or do not show exciton self-trapping.
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Above threshold the radius of the tracks increases monotonically with the incident
stopping power (Szenes, 1995). Even for amorphous materials like silica, tracks associated
to definite structural changes (compaction) that induce a change in density are induced by
ion bombardment. The detailed structure of track is still a matter of debate, particularly,
near the stopping power threshold. Several reports indicate that near threshold tracks
may be discontinuous. The subject is related with the problem of defect formation to be
described below.

2.1.4.2 Amorphous layers

For stopping powers above the threshold value the random density of tracks grows until
they overlap and constitute a homogeneous defective (amorphous) layer. Depending on the
stopping power curve one may form the layer at the surface or buried into the material. The
two situations are clearly illustrated in Figure 7 for Si at 7.5 MeV and F at 22 MeV. In the
first case the maximum stopping power occurs at the sample surface whereas in the second
case it lies around 4 microns buried below the surface. The formation of these layers can be
monitored by RBS/C and optical techniques like Raman spectroscopy, ellipsometry and
dark mode propagation. Due to the same reasons mentioned above for the occurrence of
hillocks at the track emergence sites the amorphous layers show a clear swelling in relation
to the unirradiated regions of the material.

(a) (b)
Depth (um) Depth (um)
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=fak
g
S 4
£ 2
7 x10

0

Fig. 7. Micrographs of LiNbO; samples irradiated at a fluence of 2 x 1014 cm-2 with (a) Si ions
at 7.5 MeV and (b) F ions at 22 MeV. The corresponding nuclear Sn (green curve) and
electronic Se (red curve) stopping powers as a function of depth are drawn above the graphs
using the same depth scale for comparison (Rivera et al., 2009).

2.1.5 Mechanisms for electronic damage: Theoretical models

To understand damage production by electronic excitation processes one needs a detailed
analysis of the sequence of processes triggered by the initial electronic excitation produced
during the passage of a fast (swift) ion. For these ions the major direct cause of energy loss is
the Coulomb electrostatic interaction with the electrons of the material, which become free
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and behave as ballistic electrons. Due to kinematical reasons these so-called delta electrons
mostly move in a direction perpendicular to the ion trajectory. A few femtoseconds after the
fast passage of an energetic ion, the electronic system of the material is in a high excitation
state whereas the ionic system remains essentially unperturbed. Then, the excited electrons
interact among themselves and consequently the electronic system undergoes a rapid
thermalization process and is generated a hot electron plasma in rough thermal equilibrium.
When one reaches the time scale of lattice vibrations (10-14-10-13 s) electron-phonon
interaction enters into play and the energy is transferred from the electronic to the ionic
system until a common temperature is reached (electron-lattice relaxation). From here on, both
subsystems cool down under thermal equilibrium until a final stage is reached at room
temperature. This process is very complicated and provides diverse routes for energy
storage. As we will show later, thermal energy may be sufficient to break bonds and
displace atoms. In other words, defect generation can be one of the outputs of this electron-
lattice relaxation stage. Moreover, bound electron-hole states can be formed and relaxed
either by light emission or non-radiatively. This is the most difficult and controversial part
of the story.

Each of the above steps in the process give rise to certain radial energy distributions, that are
briefly discussed below. Ignoring the possible damage events, one can focus on the energy
transfer process that can be described by two coupled equations. They simply describe the
temperature evolution of the two subsystems.

2.1.5.1 Radial profile of energy delivered by & electrons

Most authors dealing with this topic follow the MonteCarlo calculations by Waligérski et al.
(Waligorski et al., 1986). They calculated the dose or energy invested by the delta electrons
per unit radial distance. They proposed an analytical expression that adequately fits the
MonteCarlo results. This distribution of energy is the starting point for the calculations of
energy transfer to the lattice.

2.1.5.2 Electron-lattice relaxation

In the standard approach one assumes a certain effective temperature for both electrons and
lattice after the passage of the bombarding ion. Then in the time scale of 10-14-10-13 s the
electron-phonon interaction between the electrons and lattice atoms sets in and leads to
energy transfer between the two subsystems. Moreover, one should consider the heat
transport (energy diffusion) for each charged species. The scheme is simple but not free of
problems. Aside from the difficulties associated to the definition of temperature in such
short time scales, the mathematical formulation presents some uncertainties, mostly related
to the meaning and reliability of the involved physical parameters. Due to the straight
trajectory of ions one can use cylindrical coordinates and write the two coupled equations in
the form (Toulemonde et al., 1992, 2006):
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where T, C, and K denote, respectively, the temperatures, the specific heats and thermal
conductivities of electrons (index ¢) and lattice (index a). g is the electron-phonon coupling
for the material. A(r,t) stands for the energy deposition profile caused by the ion impact.
According to Waligoérski et al. (Waligorski et al., 1986) it can be expressed as:

A(r,t)=b S, exp{~(t—t)? / 25*| F(r), )

where b is an energy normalization factor and t,is the delay time needed for the electrons to
reach equilibrium (~10-15 s). F(r) is the radial distribution of the generated delta electrons.

The key point of the model is to propose meaningful and reliable values for the parameters
appearing in the above equations. Solving equation (4) yields the time and radial evolution
of the electron and lattice temperatures, the details can be consulted in the appropriate
references. Maximum temperatures T, and T, are reached in around 1013 s and then a rapid
cooling to near RT takes place in about 10-11 s. Note that the cooling rates are in the range of
10%5 s; i.e. much higher than can be usually achieved in a laboratory. In principle, the
overall energy invested in the material is not modified by the operative transfer and
diffusion processes involved in eq. (4). During and after cooling the electrons and holes
forming the excitation spike may experience recombination and trapping processes,
including self-trapping or generation of localized excitons at given lattice sites.

2.2 lon implantation versus ion irradiation

Recently, a strong research activity is being devoted to the fabrication of optical waveguides
with ions of medium mass and high energy (swift heavy ions or SHI), where the amorphous
region is produced by electronic excitation processes when the electronic stopping power is
above a certain threshold value (Agull6-Lépez et al., 2005). This regime allows the
separation of the region of electronic excitation from that associated to nuclear damage and
implantation (Figure 8, hence the name irradiation). The waveguides obtained in this way are
different than the conventional ones, where the optical barrier is constituted by the strongly
damaged (quasi-amorphous) region at the end of the ion range, whose refractive index is
lower than that of the pristine crystal (Davis et al., 1996). The damage in this latter case is
produced by the elastic nuclear collisions experienced by low energy (< 10 keV/amu), light-
or medium-mass ions near their stopping. Obviously, this region is heavily overlapped with
that corresponding to ion implantation that also contributes to the lattice disorder.

Waveguides fabricated by SHI irradiation were first reported by Olivares et al. (Olivares et
al., 2005b) and they have a number of distinctive advantages over those prepared by
standard ion implantation. In particular, the amorphized optical barrier limiting the
waveguiding layer is mainly produced by electronic excitation. Its location and width can be
suitably controlled by the irradiation fluence and it can be well separated from the deeper
implantation region (Figure 8) (Olivares ef al., 2007a). Moreover, the refractive index contrast
reaches higher values than for conventional implanted guides and the boundary between
waveguiding and barrier layers is sharper. Due to all these advantages, there has recently
been a considerable increase in the number of research works pushing the use of electronic
excitation as a novel means to fabricate optical waveguides and other integrated optics
devices (Majkic¢ et al., 2008; Caballero-Calero et al., 2009b; Ren et al., 2010a; Dong et al.,
2011a). Unfortunately, both types of waveguides are frequently confused in the current
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literature (i.e, both are designated as ion-implanted waveguides). This confusion is
understandable to some degree because obviously both effects, irradiation and
implantation, always occur in any irradiation experiment either with light ions or swift
heavy ions. However, we believe that only in the cases when the waveguides have been
produced by electronic damage alone one should talk of SHI waveguides or ion-irradiated
waveguides with optical barrier of electronic origin whereas for all other cases we are in the
presence of ion-implantation waveguides.
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Fig. 8. (a) Illustrative scheme of the generated buried amorphous layer (black strip) near the
maximum of the electronic stopping curves. The dotted strip indicates the region of nuclear
damage and implantation. (b) Plot of the electronic and nuclear stopping power curves for F
at 22 MeV (continuous lines), O at 20 MeV (dashed lines), and Mg at 28 MeV (dashed-dotted
lines). Optical microphotographs of a polished Y-cut cross section for samples irradiated
with F at fluences of (c) 2x10% and (d) 1x10%5 cm2. The depths of the maximum electronic
stopping power (Se) and of the nuclear stopping power (Sn) are indicated with arrows. Note
also a faint line corresponding to the region of nuclear damage (end of ion range) (Olivares
et al., 2007a).
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2.3 Annealing

During ion implantation, all the energy deposited by electronic excitation and nuclear
collisions on the lattice of the target material creates color centers and alters the original
structure, which results in an unavoidable increase of the waveguide losses. Consequently, a
thermal annealing is necessary to improve the optical performance of all the ion-implanted
waveguides fabricated by this technique (Townsend et al., 1994); with it, the unwanted
defects within the guide region are removed, improving the electro-optic or non-linear optic
properties. The most commonly used methods of annealing include conventional thermal
treatments using furnaces (Gumennik ef al., 2005), rapid thermal annealing (Fleuster et al.,
1994) and laser annealing (Townsend & Olivares, 1997). In the first case, thermal treatments
are performed in conventional furnaces at 200-500 °C using times that go from a few tens of
minutes to several hours, depending on the substrate properties. Rapid thermal annealing,
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on the other hand, can annihilate the induced defects and avoid, at the same time, the
unwanted diffusion of the implanted species (Fleuster et al., 1994). Finally, laser annealing
may be confined to the surface layer by using strongly absorbed radiation, resulting in local
heating which can anneal intrinsic defects, allow lattice restructuring to remove stress and
induce crystalline regrowth or solid phase epitaxy (Townsend & Olivares, 1997).

2.4 Determination of the refractive index profiles

Typical refractive index profiles in the waveguides are several-micrometers thick and,
consequently, their direct measurement is quite complicated. For this reason, they are
usually determined using a two-step method where, firstly, the effective refractive index
(Neg) is measured and then the refractive index profile is calculated using a reconstruction
technique. Measurement of N, is commonly achieved by a prism coupling method such as
the dark modes (m-lines) (Ulrich & Torge, 1973) whereas the preferred reconstruction
techniques are the inversed Wentzel-Kramer-Brillouin (iWKB) method (Chiang, 1985), and
the reflectivity calculation method (RCM) (Chandler & Lama, 1986).

2.4.1 Prism coupling technique: Dark modes (m-lines)

The optical characterization of waveguides is frequently carried out using the prism
coupling technique for the measurement of the effective indices of the modes. This measure
allows the determination of the refractive index profile of the waveguide. In this method the
prism is placed over the waveguide, pressing up until the thickness of the layer of air
between it and the guide is decreased and the evanescent wave escaping the prism
penetrates within the optical waveguide. Only the light coupled at certain discrete angles
that satisfy the transverse resonant condition will be guided by the optical waveguide
(Ulrich & Torge, 1973). Light is propagated in the waveguide only if the effective index in
the prism is equal to the effective index of a propagating mode. With this condition and
using simple trigonometric expressions it is easy to obtain the expressions (6) from which
one can extract the effective indices as a function of the coupling angle measured
experimentally @, = ¢1 + ¢, if the prism angles, a7 and o, are known (Figure 9).

Ny =mn,- s.in[aL2 - arcsin(sin(fll,z ~h )/nl’ )J ’ ©

Fig. 9. Schematic representation of the prism coupling technique.
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In the dark modes technique a previously expanded beam is focused on the base of the
prism (at the point where the optical contact occurred), as seen in Figure 10. This will span a
range of coupling angles simultaneously. The light reflected at the base of the prism is then
collected on a screen as shown in Figure 10, and then a dark lines pattern appear,
corresponding to the angles for which the light is coupled into the waveguide.

Sample

Lenses and prism Dark modes

Screen

Reference
cross

Polarizer

Fig. 10. Schematic of the experimental setup used to measure dark modes.

2.4.2 Inverse Wentzel-Kramer-Brillouin approximation (iWKB)

Once the effective indices of the guide are known, there is a range of refractive index
profiles that are mathematically compatible with the same set of values for the effective rate.
Normally the largest gap occurs in the surface. It is, therefore, necessary to make certain
approximations in order to obtain the refractive index profiles. Fortunately, by considering
only physically possible profiles, the uncertainty is reduced to less than ~20% of the
difference between the effective indexes of the first two modes (m = 0, 1) (Hertel & Menzler,
1987). Moreover, there are usually indications that can give us a clue as to what type of
profile is expected for each case. For instance, by knowing the mechanism of production of
the waveguide, one can predict the approximate shape of the profile, if it will be rough or
smooth, etc. In this section we will discuss one of the main approaches used for the
determination of the index profile of the waveguide from the effective refractive indices: the
inverse Wentzel-Kramer-Brillouin approximation (iWKB).

The Wentzel-Kramers-Brillouin (WKB) approximation is a mathematical method used to
solve the wave equation of planar waveguides for TE modes (Gedeon, 1974). There is a
complementary method, called inverse WKB (iWKB) (Chiang, 1985), giving the refractive
index profile through effective rates, based on this approach, which applies to gradual ng =
ng(x) profiles which meet the condition that the refractive index variation is small over
distances comparable to the wavelength. This method uses the following expression:

x(m)
k [ n2-Nide=mz+g +4, @)
0

where N, is the effective index of mode m, and x(m) is its point of return, i.e., n(x(m)) = Ny.
The phase shift at the interface guide-substrate is n/4 for all modes, and at the interface air-
guide it is:
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where ny is the refractive index at the surface and ¢, is equal to 1 for TE modes and (n¢/1sir)?
for TM modes. The method is based on the construction of a continuous function of effective
index N, adjusting the measured values of effective index to a polynomial by means of the
least squares (Chiang, 1985). The main advantage of this method is that the profile can be as
soft as desired, requiring only the change of the number of intervals.

3. Materials

Precisely one of the great advantages of ion implantation for the production of optical
waveguides is that, by using the adequate ion and energy, you can modify the properties of
virtually any material. So, it is not surprising the wide range of materials, ranging from
crystals to polymers and glasses, where this technique has been used to generate
waveguides. Chen and colleagues (Chen et al., 2007) summarized in a recent review the state
of the art on the materials and ions used to fabricate optical waveguides up to 2007.
However, there has been a lot of activity in recent years on this field. For instance, the
traditional ion implantation (i.e., where the waveguides are produced by means of the
nuclear collisions) has been used to fabricate waveguides in various materials, such as
SnP,S¢ (Guarino et al., 2006), KGW (Merchant et al.,, 2006a; Chen et al., 2008¢), KLTN
(Gumennik et al., 2005; Ilan ef al., 2008), ZnO (Ming et al., 2011), ZnWO, (Zhao et al., 2010a),
Nd:YAG (Chen et al., 2009; Tan & Chen, 2010b), Nd:YLiF, (Tan et al., 2007b), Nd:LGS (Ren et
al., 2010c), Nd:YGG (Zhao et al., 2011a), Nd:BSO (Liu et al., 2011), Nd:CBN (Tan et al., 2009b),
DAST (Jazbinsek et al., 2008) etc.) and Er®*-doped telluride glass (Berneschi et al., 2007b),
achieving unprecedented control over the refractive index changes of the substrate.
Moreover, irradiation with swift heavy ions have been also used to produce waveguides in
a wide number of materials, like LiNbO3 (Olivares et al., 2005b, 2007b; ¢, 2009; Chen, 2009b;
Dong et al., 2011a), KGW (Garcia-Navarro et al., 2006), KLTN (Ilan et al., 2006), BGO (Chen et
al., 2011), Nd:YAG (Ren et al., 2010a, 2011a), Nd:GdCOB (Ren et al., 2011b), a-SiO, (Manzano
et al., 2010), c-SiO, (Manzano-Santamaria et al., 2012) and chalcogenide glasses (Qiu &
Narusawa, 2011a), allowing a fast fabrication of high-quality waveguides. In this section we
briefly review the fabrication and properties of ion implanted waveguides in various
materials, emphasizing the most recent results.

3.1 Non-linear and photorefractive crystals
3.1.1 Lithium niobate (LiNbO; or LN)

Lithium niobate is one of the favorite crystals for the fabrication of optical waveguides
(Arizmendi, 2004). This interest comes from the combination of properties and
characteristics of this material that make possible to tailor its behavior for useful devices.
One of its main advantages is that it can be grown in quite large crystals by the use of
relatively easy techniques. Moreover, the control of its intrinsic point defects as well as
impurities offers a wide range of variation of responses. Consequently, most works related
to the fabrication of waveguides by ion implantation (and, indeed, by any technique) have
been performed on this material. In particular, light ions (i.e., where the nuclear regime
plays an important role) have been used for many years to produce optical waveguides in
lithium niobate (Hamelin et al., 1994). On the other hand, the effects of the irradiation with
swift heavy ions (i.e., where the electronic stopping power is dominant) have been studied
for some time (Canut et al., 1996); however, only recently they started being used to fabricate
waveguides (Olivares et al., 2005b).
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It is generally accepted that the implantation of LiNbO; with high fluences of light ions
(~1016 cm-2) will create an optical barrier with decreased refractive indices at the end of the
ion track by nuclear energy deposition, which produces a waveguide structure between the
air and the barrier. However, for moderate fluences the extraordinary refractive index (1)
experiences positive changes in the waveguide region (Chandler et al., 1989; Rams et al.,
2000). Fabrication of nontunneling waveguides by means of the implantation with low-dose
heavy ions is based on this very same effect, which increases 1, (Bentini et al., 2002; Vazquez
et al., 2003; Olivares et al., 2005b). Jiang et al. (Jiang et al., 2007) have developed a simple
model to explain the observed changes in the refractive-index. Based on this, they concluded
that damage in the crystal lattice can be responsible for the refractive-index changes. This
conclusion is reinforced by the results reported by Vitova et al. (Vitova et al., 2009), who
found by means of a x-ray absorption near edge structure (XANES) study that the
displacements of Nb and Li atoms, as well as Li and O vacancies, are likely to cause
structural disorder, leading to changes in the refractive index of LN and a reduced
birefringence.

Among the light ions, H and He have been the two more frequently used for waveguide
fabrication in recent years. For example, Vincent et al. (Vincent et al., 2005) have reported the
fabrication of optical waveguides in 10 pm-periodically poled lithium niobate (PPLN)
crystals by implantating He*. The obtained waveguides supported both TE and TM guided
modes; by annealing at 200 °C during two hours they were able to decrease losses down to 1
dB/cm. Moreover, second order quasi phase matching (QPM) was used to achieve
frequency doubling within the obtained waveguides. Peithmann et al. (Peithmann et al.,
2006b), on the other hand, developed a new method to fabricate embedded, polarization
sensitive channel waveguides in LiNbO3; by means of 40 MeV 3He ions. For this, they used
the shadow projected by a tungsten blade with a thickness of 25 pm and a width of 1 mm,
placed in front of the ion beam. This procedure was repeated for two perpendicular faces,
obtaining a region inside the crystal which had not being exposed to the ion beam. They
found changes of the order of An ~ 3x10-3, which are stable at room temperature but can be
erased by annealing the crystals at 500 °C. The same group performed a detailed study on
the changes of the ordinary and extraordinary refractive indexes of lithium niobate crystals
irradiated with 41 MeV 3He ions (Peithmann et al., 2006a). They found that small fluences
yielded refractive index changes about 5x104 while values around 3x103 were reached for
the highest fluences. These index modulations were stable up to 100°C but could be erased
thermally using temperatures close to 500°C. Tan and Chen, on the other hand, developed a
method to form optical ridge waveguides in LiNbO; crystals using combination of proton
implantation and selective wet etching that preserved the thermo-optic features (Tan &
Chen, 2010a). The measured modal field was found to be well confined in the ridge
waveguide region; moreover, propagation losses as low as ~0.9 dB/cm were obtained, after
applying a thermal annealing at 400 °C.

Meanwhile, Kumar ef al. (Kumar ef al., 2007) studied the influence of proton implantation on
the formation of optical waveguides in lithium niobate. They implanted optically polished
titanium-doped congruent lithium niobate single crystals with 120 keV protons at fluences
in the range 1015-1017 ¢cm2. Nanoscale three-dimensional defect clusters as well as variations
of O-H bond stretching vibrations as a function of fluences were observed on the implanted
samples. Finally, Tan et al. (Tan et al., 2008c) reported the formation of reconfigurable optical
channel waveguides on iron-doped lithium niobate crystals (Figure 11). In this two-step



284 lon Implantation

process, planar waveguides were first formed using 500 keV protons and a moderate post-
implantation annealing. Afterwards, the sample surface was illuminated with well-defined
stripe patterns of green light using lithographic masks, forming two-dimensional waveguides
in the overlap region on top of the crystal, due to the photovoltaic effect in lithium niobate that
results in negative index changes in illuminated regions. They argue that the obtained
structures may be used for reconfigurable optical interconnections and splitters.
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Fig. 11. (left) Schematic plot of the experimental setup for cannel waveguide formation and
(right) superposition of the refractive index profile of planar layer and light-imprinted (1D
dark soliton-like) stripes, imaged from the sample’s entrance facet when illuminated by
polarized light (Tan et al., 2008c).

On the other hand, high energy implantation of medium-light mass ions, followed by a
suitable annealing, produces a damage profile with a low defect density in the first region
below the surface and a higher density defect distribution at the end of the ion ranges,
which is an effective method for fabrication of buried waveguides (Bentini et al., 2002). This
is because two different kinds of damage are produced in this case: (a) in the near-surface
region the damage is mainly produced by ionization and (b) at the end-of-range of the
incoming ions the damage comes from the nuclear collision cascades. Most of the damage
produced in the first layer can be eliminated by means of a low-temperature annealing
whereas the damage of the buried layer requires higher annealing temperature (Bentini et
al., 2004). Examples of this approach are the fabrication of planar and channel waveguides
on LiNbO; using low-dose, few-MeV lithium (Raj & Kumar, 2010), carbon (Sugliani et al.,
2010), fluorine (Jia et al., 2006) and oxygen (Wang et al., 2006b; Liu et al., 2007, 2008a; b; Song
et al., 2008; Tan et al., 2008a; d; Wang & Lu, 2009; Zhao et al., 2011b) ions.

Yet another kind of kinetics has been exploited to fabricate optical waveguides by means of
swift heavy ions (Olivares et al., 2005b). In this regime, lattice amorphization is induced
(Toulemonde et al.,, 1994; Canut & Ramos, 1998) along the trajectories of impinging ions
whenever the electronic stopping power S, is above a certain threshold S.s. Then, a
homogeneous amorphous layer is generated when the irradiation fluence assures full
overlapping of these nanometer-sized tracks. Olivares and coworkers (Caballero et al., 2005;
Olivares et al., 2005a; b) pioneered this method and demonstrated its ability to generate
high-confinement, step-like optical waveguides in LiNbO; irradiated with silicon or fluorine
ions at fluences in the range 1013-1015 cm-2. These results were later confirmed by Wang et al.
(Wang et al., 2006a), who obtained and characterized planar waveguides on z-cut
stoichiometric lithium niobate crystals irradiated with 3.6 MeV Si2* ions at doses of 3-10x10!3
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cm2 They also found that the lattice damage could be considerably reduced or even almost
removed by means of a thermal treatment. This technique is also suitable to produce 2D
waveguides. For instance, Majkic et al. (Majkic et al., 2008) used a two-step method to produce
and characterize optical microring resonators (Figure 12) and optical channel waveguides by
implanting 2.5x10%4 cm?2 of F ions on LiNbO;. After producing planar waveguides by ion
implantation, the planar structuring was achieved by laser lithography masking and Ar*
sputtering. Moreover, they reported the first ring resonators with 80-pm radius fabricated by
this method, having an extinction ratio of 14 dB, a free spectral range of 2.0 nm and a finesse of
4. Likewise, Zhao et al. (Zhao et al., 2010b) fabricated ridge waveguides on lithium niobate
using implantation of O* ions combined with Ar ion beam etching.

Fig. 12. Scanning electron micrograph of a microring resonator and a bus waveguide,
structured in LiNbO:s. (a) The whole ring and the bus waveguide. Ring radius is 80 pm, ridge
height is 1.2 pm. (b) Enlarged coupling region, the gap size is ~0.2 pm (Majkic ef al., 2008).

Quasi-phase matching (QPM) in periodically poled LiNbO; (PPLN) is a widely used
technique for efficient frequency conversion (Batchko ef al., 1999). Recently Caballero-Calero
et al. (Caballero-Calero ef al., 2009a; b) have investigated the feasibility of using swift-heavy-
ion (SHI) irradiation for the generation of periodically poled structures in optical
waveguides. They described two successful ways of producing PPLN: by irradiating bulk
PPLN samples with F ions at 22 MeV or by electric periodic poling of previously fabricated
swift-ion-irradiated waveguides. Optical waveguide structures were obtained in both cases
at the end of the trajectory, combined with a PPLN structure. Good nonlinear and
electrooptical properties and high optical confinement makes them good candidates for
nonlinear optical devices.

Olivares et al. (Olivares et al., 2007b) also demonstrated a novel method to produce optical
waveguides on lithium niobate using irradiations with high-energy medium-mass ions (i.e.,
swift heavy ions) at ultralow fluences (1012-10%3 cm-2). In this regime amorphous nanotracks
are created by every single impact leading to an effective nanostructured medium that
behaves as an optical waveguide where light propagates transversally to the ion tracks. This
method implied a reduction of four orders of magnitude with respect to a typical He
implantation. The obtained waveguides presented losses of ~5-10 dB/cm and significant
second-harmonic generation and electro-optic responses (>50% bulk). In a further
refinement, Ruiz et al. (Ruiz et al., 2007) irradiated proton-exchanged LiNbO; planar optical
waveguides with very low fluences (5%10%0-5x1012 cm2) of Cl at 30 MeV. They reported
large modifications in the refractive index profiles that resulted in an improved optical
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performance. This study opened the possibility of fine tuning the refractive index by a
suitable control of the fluence. Moreover, Villarroel et al. (Villarroel et al., 2009) investigated
the photorefractive behavior of this type of optical waveguides. They determined an electro-
optic coefficient r33 = 18.1+0.5 pm/V for these guides and also studied their recording and
light-induced and dark erasure of holographic gratings, as well as the optical beam
degradation in single-beam configuration, finding that their damage thresholds are of the
same order but a factor of 2-3 greater than that of a-phase guides commonly used in
nonlinear applications.

More exotic applications of the irradiation with swift heavy ions at ultralow fluences, like
the fabrication of thick optical waveguides have also been reported (Figure 13) (Olivares ef
al., 2009). In this case Kr and Xe ions with energies ~10 MeV/amu were used to produce
waveguides with a thickness of 40-50 micrometers. The obtained waveguides exhibited
refractive index jumps up to 0.04 (A = 633 nm) and propagation of ordinary and
extraordinary modes with low losses (~3 dB/cm) and a high nonlinear optical response.
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Fig. 13. (a) Schematic depth morphology of the tracks, showing the amorphous core (black)
and the surrounding damage halo (dashed) generated after the passage of the ion, which
stops approximately where S, is maximum. A schematic light profile (MO0) illustrates
waveguiding behavior that is generated in the top effective medium layer (emphasized with
gray color). (b) Electronic, Se, stopping power curves for Cl at 45 MeV, Kr at 800 MeV and
Xe at 1.45 GeV in LiNbQOj calculated with SRIM2003.

3.1.2 B-Barium borate (B-BaB,0,4 or BBO)

B-Barium borate is a promising non-linear crystal, which combines wide transparency
range, large non-linear coefficients, wide thermal acceptance bandwidth and high damage
threshold (Chen et al., 1990). This material is particularly interesting for applications in the
ultraviolet region. Ion implantation is one of the better methods available for producing
optical waveguides on BBO. He*, Cu2?* and Ni?* ions have been used for this task in recent
years. For example, Degl’Innocenti and collaborators (Degl’ Innocenti et al., 2006a; b) have
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reported the fabrication of ridge optical waveguides on top of p-BaB,O, (BBO) crystals
(Figure 14). First, BBO crystals were implanted with He* ions to form planar optical
waveguides and subsequently ridge waveguides were micromachined using femtosecond
laser ablation (Degl'Innocenti et al., 2006b). Moreover, they also produced the same type of
waveguides by means of He* implantation, photolithography masking, and plasma etching
(Degl'Innocenti et al., 2006a). Finally, they demonstrated the potential of these waveguides
for the second harmonic generation of continuous-wave deep-UV laser light, exploiting the
nonlinear optical properties of BBO crystal (Degl’ Innocenti et al., 2008; Poberaj ef al., 2009).
Likewise, Jia and coworkers fabricated non-leaky planar waveguides on BBO by implanting
medium doses (~104 cm2) of 3 MeV Cu?* (Jia et al., 2008b) and Ni2* (Jia et al., 2008d) ions.

Fig. 14. (a) SEM top picture of a ridge defined by two adjacent grooves ablated on the BBO
surface; (b) 4.3 pm height ridge with a reduced sidewall roughness after successive Ar* ion
sputtering (Degl’Innocenti et al., 2006b).

3.1.3 Potassium gadolinium tungstate (KGd(WO4). or KGW)

Potassium gadolinium tungstate is a very attractive material for the fabrication of active
optical components due to its high Raman cross-section (Major et al., 2005) and its suitability
as a rare-earth host material, with strong emission lines at 1.067 and 1.35 pm (Basiev et al.,
2003), which is also suitable for efficient high-power diode pumping around 800 nm (Graf,
1995). Garcia-Navarro et al. (Garcia-Navarro et al., 2006) fabricated waveguides in this
material using irradiations with low fluences (1013-1014 cm2) of F and O at 25 MeV and C at
14 MeV. The energy of the ions was selected with the criterion of placing the maximum of
the electronic stopping power a few microns inside the crystal. Consequently, buried
isotropic layers (amorphous-like) were formed. These layers had a low refractive index
value of 1.87, in contrast to the three crystalline values which are above 2.0. Subsequently
Merchant et al. (Merchant et al., 2006b, 2009) characterized the obtained waveguides by
optical techniques, finding that the Raman properties were preserved in the guiding region
of the waveguide when irradiated with carbon ions but were considerably reduced when
using oxygen and fluorine ions.
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3.1.4 Potassium titanium oxide phosphate (KTiOPO4 or KTP)

Potassium titanyl phosphate (KTP) possesses large non-linear optical and electro-optical
coefficients (in particular second-harmonics generation SHG is very effective), high optical
damage threshold, high thermal stability and transparency over a large wavelength range.
High-quality commercial lasers in visible spectral regimes have been realized in this
material via frequency doubling of infrared lasers (Bierlein & Arweiler, 1986). Fabrication of
waveguides on KTP have been reported using proton exchange (Roelofs et al., 1993), pulsed
laser deposition (PLD) (Wang et al.,, 1998), and ion implantation (Bindner et al.,, 2001;
Schrempel et al.,, 2004; Chen et al,, 2008d; Wang et al., 2008; Tan ef al., 2008b). Ion
implantation stands among these techniques because it allows an accurate control of the
waveguides refractive index profiles by selecting the species, energies and fluences of the
incident ions. Fabrication of waveguides on KTP by ion implantation have been reported
using H* (Tan et al., 2008b), He* (Schrempel et al., 2004; Chen et al., 2008d; Dong et al., 2011b),
C3* (Wang et al., 2008), N*, B+ (Wesch et al., 2001) and Li* (Schrempel et al., 2002).

Chen et al. (Chen et al., 2008d) reported the fabrication of trapezoidal-shaped optical channel
waveguides on KTiOPO, crystal fabricated by He*-ion implantation using photoresist
masks with wedged-shaped cross sections (Figure 15). First, they formed a photoresist-mask
with thickness of 5 pm, containing a series of strongly wedged smooth stripes with a period

(a) PM He*-ion beams

R N 2 e

BW

KTIOPO,

y x PW cw

5 BW
= KTIOPO,

Fig. 15. Schematic of the waveguide fabrication processes in KTiOPO; (a), microscopic
photographs of the cross sections of planar (b), and channel waveguides with trapezoidal
shapes (c). PM, photoresist mask; BW, barrier walls; PW, planar waveguide; CW, channel
waveguide. The sample crystal axes were marked (Chen et al., 2008d).
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of 50 pm. Afterwards, the ion implantation was performed, resulting on the channel
waveguides (Figure 15c). Some sections of the samples remained unmasked, in order to also
obtain planar waveguides (Figure 15b). The very same method was used by Tan et al. (Tan et
al., 2008b) and Wang et al. (Wang et al., 2008) to fabricate channel and planar waveguides
using protons and C3*, respectively. These waveguides were characterized optically (Dong
et al., 2011Db), finding that the structural and nonlinear properties of the KTP lattice have
been only modified at the end of ions’ trajectory, which makes these structures good
candidates for integrated laser frequency conversion components.

3.1.5 Other non-linear and photorefractive crystals

In addition to the described materials, ion implantation has been used to fabricate optical
waveguides in a large number of other non-linear and photorefractive crystals. Table 2
summarizes some of the crystals that have been reported recently, as well as the irradiation
conditions and types of guides produced.

Energy Fluence Type of Reference

(MeV) (cm-2) waveguide
LiB30s Het 2.8 5.0x1016 planar (Wang et al., 2002)
Ca;GdO(BO3);  Het 1.8 1.5x1016 channel (Vincent et al., 2003)
Sn,P>Se Het 2.0 (0.5-2.0)x101>  planar (Guarino et al., 2006)
Ca,Bai..NbOs  He* 2.8 1.0x1016 planar (Fu et al., 2007)
Sn,P>Se Het 2.0 2.5x1014 planar (Mosimann et al., 2009)
ZnWOy, Het 0.5 1.0x1016 planar (Zhao et al., 2010a)
BipTiOz Het 0.55 1.0x1016 planar (Zhao et al., 2010d)
K1(-)T0.68N(].32031L 12C 300, 40.0 (047— slab (Ilan et (Zl., 2006)
i 1.86)x1015
SryBa1.xNb>Os C3+ 6.0 1.0x1014 ridge (Tan et al., 2007¢)
RbTiOPO, C3+ 6.0 (0.5-1.0)x104  planar (Wang et al., 2009)
LiTaO; C3+ 6.0 (0.3-1.0)x10>  planar (Gang, 2010)
ZnWO, C+ 5.0 1.0x1015 planar (Zhao et al., 2010a)
CaF, N+ 35 5.0x1012- planar (Banyasz et al., 2010)

8.0x1016
KTiOAsO, o+ 3.0 5.0x1012- planar (Jiang et al., 2006b)
1.0x1014
BipTiOz o2 45 6.0x1014 planar (Zhao et al., 2010d)
ZnO O 2.0 1.0x1015 planar (Ming et al., 2011)
ZnO O+ 4.0 (0.5-2.0)x10'>  planar (Ming et al., 2011)
ZnO o+ 6.0 1.0x1015 planar (Ming et al., 2011)
LiB3Os Cu* 6.0 1.0x1015 planar (Jiang et al., 2006a)
Ba;1Sr(BOs)s Agt+  120.0 5.0x101 planar (Ishwar Bhat et al.,
2002)

Table 2. Data reported on the fabrication of optical waveguides by ion implantation in some
non-linear and photorefractive crystals.
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3.2 Laser crystals

A laser consists of a resonant cavity containing an amplifying medium. For solid state lasers
the cavity is usually obtained by fabricating a doped crystal into a Fabry-Perot configuration,
with the excited impurity atoms providing the amplifying medium. For this reason, rare earth
ions such as Nd3*, Er®* and Yb3* embedded in a variety of host crystals are frequently
encountered in today solid state lasers (Kiss & Pressley, 1966; Kaminskii, 1996). Moreover, the
fabrication of optical waveguides on laser crystals is a matter of paramount importance, as can
be deduced by the abundant literature available on this topic (Pollnau & Romanyuk, 2007).

3.2.1 Yttrium aluminum garnet (Y3Als042 or YAG)

Yttrium aluminum garnet (YAG) is commonly used as a host material in various solid-state
lasers (Kiss & Pressley, 1966; Fricke, 1970). Rare earth elements such as neodymium and
erbium can be doped into YAG as active laser ions, yielding Nd:YAG and Er:YAG lasers,
respectively (Saiki ef al., 2006). Its high chemical stability complicates the formation of
optical waveguides in this crystal using metal diffusion or ion exchange techniques, leaving
ion implantation as one of the few viable methods for this task. H*, C3*, N3+, O3+ and Ar4*
are some of the ions that have been used to produce waveguides on YAG. For example,
Véazquez et al. (Vazquez et al., 2006) reported the fabrication of optical waveguides in
Nd:YAG crystals by proton implantation. They characterized optically these waveguides,
finding typical optical barrier profiles, good laser emission characteristics at 1064 nm and
high stability in the continuous-wave regime. The same ion was used by Szachowicz et al.
(Szachowicz et al., 2008) to study if the presence of Nd3* ions favors blue luminescence at
486 nm on Nd, Tm:YAG codoped single crystal waveguides. For this, they fabricated channel
waveguides by multiple implantation of H*, using various irradiation angles and doses.
Their main conclusion was that that the Nd3* codoping considerably favors the Tm3* blue
emission due to an efficient energy transfer upconversion process. Multi-energy proton
implantation was also used by Tan and Chen (Tan & Chen, 2010b) to fabricate optical
channel waveguides in Nd:YAG laser ceramics. They found important changes in the Nd
spectroscopic properties, such as line broadening and shifting as well as a luminescence
quenching, which were attributed to the strong structural modifications induced by the
high-dose proton implantation.

Chen and co-workers attained optical channel waveguides in Nd/Ce codoped YAG laser
crystal (Figure 16) using mask-assisted carbon ion implantation (Kong et al., 2009) and in
Nd:YAG crystals implanted with low doses of oxygen (Kong ef al., 2008; Chen et al., 2009).
For the first system, they found that the fluorescence properties of both Ce and Nd ions
(including the energy transfer between them) were not significantly affected by the
waveguide formation processing. Afterwards, Tan ef al. (Tan et al., 2010) showed generation
of continuous wave lasers at a wavelength of ~1064 nm in Nd:YAG implanted with C3+ at
room temperature. Similar results were obtained for N3*-implanted Nd:YAG crystals by Ren
et al. (Ren et al., 2011a). Finally, Ren and collaborators (Ren et al., 2010a) took advantage of
the ion-induced electronic damage to fabricate a Nd:YAG planar waveguide laser by means
of ultra-low-fluence (2x1012 cm~2) irradiation with 60 MeV Ar#* ions. The obtained buried
waveguiding was associated with an increased refractive index layer as a consequence of
the electronic damage. Moreover, continuous-wave laser oscillations at 1064.2 nm were
observed from the waveguide under 808 nm optical excitation, with the absorbed pump
power at threshold and laser slope efficiency close to 26 mW and 5.9%, respectively.
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C* jon beam

Fig. 16. Schematic plot of the channel waveguide fabrication process in Nd:Ce:YAG
substrate by C3* ion implantation. The inset shows the microscopic photograph of the cross
section of the Nd:Ce:YAG channel waveguide sample (Kong ef al., 2009).

3.2.2 Yttrium vanadate (YVO,)

Yttrium vanadate (YVOy) is a promising solid-state laser material because of its stability and
good quality. The excellent fit of the Nd3* dopant in the crystal lattice gives it some added
advantages such as a low threshold and a large stimulated emission cross-section at the lasing
wavelength (Zeller & Peuser, 2000). Finally, Nd:YVOy is a highly birefringent crystal that has a
broader halfwidth and a higher absorption coefficient than those of Nd:YAG. For those
reasons, Nd:YVO4 has been proposed as a better candidate than Nd:YAG for low-power lasers
(Yang & Huang, 2000). Successful waveguide formation has been reported in the last five years
for this crystal using H*, He*, C2*, O* and Cu2* ions. Sdnchez-Morales et al. (Sanchez-Morales et
al., 2007) reported the formation of planar waveguides by proton and helium implantation in
Nd:YVO,. Wide barriers were generated in this work using double and triple implants with
energies between 0.4 MeV and 1.75 MeV and fluences around 1016 cm-2. Moreover, a double
waveguide was generated with a triple implantation. The same group also fabricated of
waveguides on Nd:YVOj crystals by means of a C2* irradiation, using fluences as low as 5x1014
cm2 (Sdnchez-Morales et al., 2006, Vazquez et al., 2006). They found that carbon implantation
produced a considerable refractive index variation in the guiding region, increasing the
ordinary index and reducing the extraordinary index. Emission bands coming from the 4F;/»
level were not altered by the ion beam process, suggesting the potential use of carbon
implanted waveguides for laser integrated devices. Likewise, other groups produced planar
(Jia et al., 2008a) and channel (Chen et al., 2006a) waveguides using 3 MeV O+ ions as well as 3
MeV Cu?* ions (Jia et al., 2011) at intermediate fluences (1013-105 cm-2).

3.2.3 Rare-earth-doped lithium niobate (X:LiNbO3)

The main advantages of lithium niobate have been discussed above; however, an additional
benefit of this material arises when it is doped with rare earth elements (particularly Nd3+
and Er’*). In this case, it is possible to fabricate new monolithic laser or amplifier
components combining the medium’s gain and the large range of integrated optical
functions already demonstrated including coupled-cavity, single-frequency, tunable, Q-
switched, mode-locked, or frequency-doubled lasers and amplified integrated optical
circuits with no insertion losses (Lallier, 1992). H*, C*, O* and Ar4* are some of the ions that
have been used recently to fabricate optical waveguides on rare-earth-doped LN laser
crystals. Dong and co-workers produced optical channel waveguides in Nd3**:MgO:LiNbOs
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crystals by using 500 keV protons (fluence of 6x1016 cm2) and a stripe photoresist mask
(Dong et al., 2008). With this procedure the emission intensity of Nd3* ions was only slightly
modified with respect to the bulk crystal. Likewise, 3 MeV carbon (7.5x10% cm-2) (Chen et
al., 2008b) and oxygen (6x1014 cm2) (Chen et al., 2008c) ions have also been successfully used
to produce guides on this material. The fluorescence image of the proton-implanted
waveguides has been found to be completely different from that obtained by medium-mass
ion implantation, revealing that different waveguide formation mechanisms are taking place
in each case (Jaque & Chen, 2009). Optical waveguides can also be obtained on doped near-
stoichiometric lithium niobate (SLN) by applying low-doses of medium-mass ions. For
instance, 7.5x1014 cm2 of 3 MeV C* ions (Chen, 2009a) and 6x1014 cm2 of 3 MeV O* ions
(Chen et al., 2008a) were used to produce optical waveguides on Nd:MgO:SLN and Nd:SLN
crystals, respectively. Ultra-low fluences (2x1012 cm2) of 60 MeV Ar#* ions achieved the
same result on the latter material (Dong et al., 201la). Finally, embedded channel
waveguides were reported for the first time on a z-cut erbium-doped lithium niobate
(Er:LiNbO3) substrate implanted with 1.65x1015 cm-2 of 3.9 MeV C3+ ions (Sher et al., 2011).

3.2.4 Other laser crystals

In addition, optical waveguides have been also fabricated on a wide range of laser crystals that
are not described individually due to the space constrains. The specific crystals and dopants,
as well as the irradiation conditions and types of guides produced are summarized on Table 3.

Energy Fluence Type of

Dopant:Crystal Ion (MeV) (cm?) waveguide Reference
Er:YAIO; H+, He* 1-1.5 (1-4)x1016 channel and (Szachowicz et al., 2006)
planar

Nd:GGG H+ 0.46]10.48 (2]2]|4)x10%6  planar (Ren et al., 2010d)
|0.5

Nd:LGS H+ 0.5 9.6x1016 channel (Ren et al., 2010c)

Ce: KNSBN He+ 2-2.2 (0.9-1.5)x1016  channel (Chen et al., 2006b)

Nd:KGW Het 1.9|2.0|2 (3.24|3.24|5.4) planar (Chen et al., 2008e)
1 x1015

Nd:CBN He* 2.6|2.7|2 (1.3]1.3]2.2)x channel (Tan et al., 2009b)
8 1015

Nd:SGG Het 0.5 (1-3)x1016 planar (Guo et al., 2010)

Nd:BSO Het 0.5 (1-3)x1016 planar (Liu et al., 2011)

Nd:KGW C3+ 6.0 1.0x1015 planar (Chen et al., 2008e)

Nd:CNGG C3+ 6.0 (1-8)x1014 planar (Wang & Yu, 2010)

Nd:GGG C3+ 6.0 6.0x1014 planar (Ren et al., 2010d)

Nd:BSO C3+ 6.0 1.0x1015 planar (Liu et al., 2011)

Nd:GdCOB C5+ 17.0 2.0x1014 planar (Ren et al., 2011b)

Yb:YCOB O3+ 3,6 (0.5-20)x10*  planar (Jiao et al., 2007)

Nd:LuVO4 O3+ 24,30, (1.4-3.1)x10%4 planar (Jia et al., 2008c)
3.6

Table 3. Data reported on the fabrication of optical waveguides by ion implantation in some
laser crystals.
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3.3 Glasses

Various optical glass materials are excellent hosts of laser dopants; for this reason rare-earth
doped laser glasses are now commercially available. The most common method for producing
waveguides in glass is ion exchange; however, ion implantation is also frequently used for this
task (Townsend et al., 1994). In recent years have been reported the fabrication of optical
waveguides on a wide range of glasses (silicates, tellurites, phosphates and chalcogenides)
doped with various elements (Nd, Er, Yb and Ti) and using several ions (H*, He*, O*, N*3*,
B3+, CI6* and Ar#). For example, high chemical stability coupled with a large solubility for
rare-earth ions makes silicate glasses excellent candidates for the fabrication of lasers and
waveguide amplifiers. Wang et al. (Wang et al., 2007) reported the fabrication of low-loss
planar and stripe waveguides in a Nd3+-doped silicate glass by implanting 6 MeV oxygen ions
at a fluence of 10> cm2. It was found that the ion beam processing created a refractive index
enhanced region as well as an optical barrier. The same group also reported the fabrication of
ridge optical waveguides in Er*/Yb3 co-doped phosphate glasses by 2.8 MeV He*
implantation and a subsequent Ar* ion beam etching (at 500 eV) (Tan et al., 2007a). Optical
characterization showed that an optical barrier-type waveguide had been formed. These
results are relevant due to the importance of this glass in telecommunication applications.

On the other hand, tellurite glasses are promising materials for the fabrication of active
integrated optical circuits due to their high rare-earth solubility, large stimulated emission
cross sections and broad emission bandwidth around the 1.55 micron wavelength.
Fabrication of channel (Berneschi et al., 2007a; Khéanh et al., 2009) and slab (Berneschi et al.,
2011) waveguides on this glass (doped with Er3*) using 1.5 MeV N* ions (fluences in the
range 5x1012 to 8x10% cm2) have been reported by Berneschi and collaborators. Optical
characterization revealed that the implanted layer exhibited a decrease of the refractive
index with respect to the virgin bulk glass, while the region comprised between the sample
surface and the end of the ion track acted as an optical guiding structure. It was also found
that a post-implantation annealing process resulted in a reduction of the barrier region.

Equally important are chalcogenide glasses, and in particular gallium lanthanum sulphide
(GLS). These novel materials exhibit promising properties, such as a wide transmission
window, large Kerr nonlinear coefficient, low toxicity, excellent thermal and mechanical
stabilities, and high solubility for rare-earth dopants (Zakery & Elliott, 2003). Qiu and
coworkers have reported recently the fabrication of planar optical waveguides on this
material using both, light (Qiu & Narusawa, 2010, 2011b) and swift heavy ions (Qiu &
Narusawa, 2011a; Qiu et al., 2011). Firstly, they used 350 keV protons at a fluence of 1015 cm2%;
finding an optical barrier-type waveguide, as expected when the nuclear damage is
dominant. In the second case, they employed 20 MeV N3* and 60 MeV Ar4* ions at
intermediate (1.5x1014 cm?) and ultra-low (2x1012 cm2) fluences, respectively. The Ar4*-
implanted waveguides exhibited an step-like distribution, while the N3*-implanted ones
showed a “well” region with increased refractive index near the surface of the glass coming
from the electronic energy deposition and a “barrier” layer with decreased refractive index
inside the glass, due to the nuclear energy deposition. Similarly, Manzano et al. (Manzano et
al., 2010) reported the preparation of planar optical waveguides in silica (a-SiO) by means of
swift heavy-ion irradiation (F3* at 5 MeV, Clé* at 20 MeV), confirming that for SHI the
refractive index enhancement is strongly correlated with the electronic stopping power. The
importance of this glass stems from its availability, low optical absorption, near-zero
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thermal expansion, low dielectric losses and good chemical inertness that makes it one of the
most widely used material for photonics applications, including commercial fibers for
information technologies (Devine et al., 2000).

4. Applications

Obviously applications are the ultimate goal of most research efforts. Despite being a relatively
recent field, where new results are generated at a very high rate, the waveguides fabricated by
ion implantation has been already used for many applications such as beam splitting/coupling,
frequency doubling, two-wave mixing, photorefractive solitons and waveguide lasers. In this
Section we make a brief overview of the most recent developments in this area.

4.1 Beam splitters/couplers

Beam splitters and couplers, and particularly simple Y-junctions, are key components for
waveguide devices such as integrated interferometers. Some recent works have reported the
fabrication of these elements by means of ion implantation, using different ions and materials.
Hadjichristov and Stefanov (Hadjichristov & Stefanov, 2010) reported the fabrication of a beam
splitter/coupler at the telecommunication wavelength of 1.55 micrometers by (50 KeV) silicon
implantation of PMMA. In turn, Bentini ef al. (Bentini et al., 2007) and Zhao et al. (Zhao et al.,
2010c) used LiNbO; substrates. The first group fabricated a Mach-Zehnder interferometer by
using high energy ion implantation of carbon ions on LiNbO; whereas Zhao and collaborators
obtained power splitters in LiNbO3 using multi-energy O ion implantation with standard
lithography. The design consisted of a cascade Y-branch waveguide structure that distributed
equally the input power between four output waveguides. Finally, two interesting recent
works have reported the formation of reconfigurable channel waveguides and beam splitters
(Figure 17), combining ion implantation with selective light illumination of iron doped LiNbO;
crystals (Tan et al., 2008c; d).

Fig. 17. Lithographic mask patterns of (a) straight stripe and (c) Y-branch waveguides
(tan(a) = 0.01); and microscopy photographs of the top view of (b) straight channel and (d)
Y-branch waveguide, imaged by using polarized light reflection (Tan et al., 2008c).
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4.2 Second harmonic generation

Probably ion implantation is one of the best available processes to obtain optical
waveguides with applications in second harmonic generation (SHG). This is because the
nonlinear susceptibility x®@ is preserved or only slightly reduced in the guiding layer (Dong
et al., 2011b). However, a practical device has not been developed yet as it has been, for
instance, in LiNbO; where optical frequency doubling devices were probed for Ti-indiffused
(Sohler et al., 2008) and proton exchanged (Langrock et al., 2006) waveguides. The main
reason is the high cost of obtaining a waveguide with low optical losses, high optical
damage threshold, good phase-matching (PM) or quasi-phase-matching (QPM) conditions,
etc. Therefore, the capability of ion implanted waveguides for SGH devices strongly
depends of the starting material and the reduction of fabrication costs.

In the last years, much effort has been made to improve the optical properties of materials.
In periodically poled LiNbO; (PPLN), Vincent et al. (Vincent ef al., 2005) have found
conversion efficiencies up to 6.5x103% W-1 using second order QPM in low losses
waveguides (>1 dB/cm) obtained by several implantation of He* with energy in the range of
1.5 to 1.7 MeV. When PPLN is doped with 6 mol. % of Zn, to increase the optical damage
resistance, green light at first order QPM has been generated with an efficiency of 102 W-1 in
similar waveguides (Vincent et al., 2007). SHI waveguides are a promising candidate to SHG
integrated devices in LiNbOs. It has been demonstrated that its high step-like refractive
index change is accompanied with low decreasing of nonlinear coefficients (Olivares et al.,
2007a). Furthermore, PPLN structures can be made both before and after waveguide
fabrication (Caballero-Calero et al., 2009a; b) for efficient QPM. To all of this, it must be
added an important reduction in time and fabrication costs with respect to the process of
implantation with light ions.

Important progresses have been made as well in the development of ultraviolet integrated
optics devices based on barium-borate (BBO) crystals (Poberaj et al., 2009). For instance,
continuous-wave UV laser light at 278 nm and 266 nm by optical frequency doubling of visible
light have been reported in ABaB.O; waveguides produced by He* ions implantation
(Degl'Innocenti et al., 2006a, 2008). Finally, optical planar waveguides produced in the new
nonlinear Ca;GdO(BOs); crystal by ionic implantation have also shown SHG significant
conversion efficiency that can be increased after applying a thermal treatment (Boudrioua et
al., 2005). Planar waveguides fabricated in Nd3*-doped crystals by 17 MeV carbon ion
irradiation have been reported recently (Ren et al., 2011b). They exhibit high optical conversion
efficiency of frequency doubling for CW (0.48% W-1) and pulsed (6.8% W-1) laser beams.

4.3 Photorefractive applications

A number of photorefractive applications have been implemented in ion implanted
waveguides. Two relevant examples are photorefractive solitons and two-wave mixing
(TWM) applications.

4.3.1 Two-wave mixing

Two-wave mixing in photorefractive crystals is a non linear process that allows energy
transfer between the involved beams and, consequently, optical amplification. This process
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was also demonstrated in photorefractive waveguides that in some cases were prepared by
ion implantation. Two materials have been initially used to prepare the waveguides: BaTiOs
(Youden et al., 1992; Dazzi et al., 1999; Mathey et al., 2001a; b) and KNbOs3 (Briilisauer et al.,
1995, 1996). The main parameters of the ion implantation process and two-wave mixing
operation reported in those works have been summarized by Chen et al. (Chen et al., 2007).

Later on, TWM was proved in iron-doped congruent LiNbO3 waveguides fabricated by O3+
ion implantation obtaining gain coefficients similar to that of bulk crystals (Tan et al., 2008a).
Waveguides have been also fabricated on near-stoichiometric Fe:LiNbO; substrates by
proton implantation (Peng et al., 2011). High gain coefficients of 15 cm have been obtained
in these TWM experiments. Finally, Mossiman et al. (Mosimann et al., 2009) have
demonstrated TWM in He* implanted waveguides fabricated on a promising material for
infrared operation: the ferroelectric semiconductor (SnoP2Se). In this case a gain of 2.5 cm-!
has been obtained at the telecom wavelength of 1.55 um.

4.3.2 Photorefractive solitons

Spatial solitons, i.e. non diffracting beams, have very interesting properties to implement
photonic applications such as all optical switches and routers. Photorefractive spatial
solitons have attracted considerable interest because they can be generated with low light
power (~mW) (del Re et al., 2006). As for other photorefractive applications, first
experiments were demonstrated in bulk crystals (del Re et al., 2006) but later on it was also
proved on waveguide configuration. Photorefractive bright spatial solitons were observed
in SBN waveguides produced by He* implantation in the visible and infrared regions (Kip
et al., 1998; Wesner et al., 2001). More recently, dark photovoltaic spatial solitons have
been also observed in a planar waveguide produced by ion implantation of protons in
cupper doped LiNbOj crystal (Kruglov et al., 2008). Finally, gap solitons have been
observed very recently in lithium niobate combining a waveguide array fabricated by
proton implantation with light-induced refractive index modification via the
photorefractive effect (Tan et al., 2009a).

4.4 Waveguide lasers

Rare earth (Nd, Er, etc.) and transition metal (Ti, Cr, etc.) doped crystals are widely used as
gain media for solid state lasers. Conservation of the luminescence properties of the
irradiated material, along with a low pump threshold, are very important characteristics for
ion-implanted waveguide lasers. The former point was addressed in Section 3.2, where we
described how it has been demonstrated that, for various crystals, the luminescence is
preserved after the waveguide formation. In this section we will describe the most recent
examples of working laser prototypes on ion-implanted optical waveguides.

Yao et al. (Yao et al., 2010) reported a waveguide laser in Nd:YAG crystals, produced by
proton beam writing, with an output power of 60 mW at 1064 nm. This system exhibited the
additional advantage of having highly symmetric guided modes (Figure 18), which would
facilitate its connection with the optical fibers. For the first ion implanted Nd:YAG ceramic
planar waveguide, a 1064 nm laser was generated with a 19.5 mW threshold and 11% slope
efficiency (Tan et al., 2010). Moreover, swift-ion-irradiated Nd:YAG waveguide laser
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systems have similar performances (laser slope efficiencies of 16% and pump power
thresholds of 38.3 mW) than the ion implanted samples (Ren et al., 2010a, 2011a).
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Fig. 18. (a) Laser oscillation spectra from the waveguide produced by 1 MeV PBW at fluence
of 1016 cm2, showing a keen-edged peak at 1064.2 nm with a FWHM of 0.75 nm. The mode
image of the waveguide laser is shown as inset. (b) The measured output laser power as a
function of the absorbed pump power (balls) from the waveguide. The green solid line
shows the linear fit of the experimental data (Yao et al., 2010).

Moreover, the use of He* ion implantation, combined with Ar* ion etching, have been
demonstrated to fabricate ridge waveguides in Cr:LiSrAlFs (Majkic et al., 2007). They found
that the fluorescence emissions from the waveguides are similar to those from the bulk
material, indicating that the Cr3* ions are not altered by the ion implantation process. The
output PL power of this system was 13 pW at 165 mW pump power. Unfortunately, their
application as a tunable integrated light source is somewhat limited by its high loss (~10
dB/cm). This limitation is not present in the buried Ti:sapphire channel waveguides
produced by proton implantation (Grivas et al., 2006; Pollnau et al., 2007), whose very low
loss (~1dB/cm) makes them a better choice. In this case laser operation (~780 nm) was
achieved at room temperature, with an absorbed pump power threshold of 230 mW; the
maximum output power and the slope efficiency were 17 mW and 3%, respectively.

A planar waveguide laser have been also demonstrated on H*-implanted Nd:GGG crystals,
reaching a slope efficiency of 30% and 22 mW of output power (Ren ef al., 2010b). Similarly,
channel (Sanchez-Morales et al., 2008) and planar (Jia ef al., 2007) waveguide lasers have
been produced on Nd:YVO; using, respectively, 7 MeV carbon and 180 MeV argon ions. In
the former system laser oscillations were generated at 1064 nm, with a pump threshold
power of 45 mW and a slope efficiency of 30%. The SHI waveguide laser, on the other hand,
emitted at 1067 nm with a slope efficiency of 8.5%.

5. Concluding remarks

Ion implantation is a well-established technique to modify in a controllable way all kinds of
materials i.e. dielectrics, semiconductors and metals. In this review we have focused on the
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effects of ion beams on the optical properties of dielectric materials that can be used to
fabricate optical waveguides and other related photonic devices. A large span of possibilities
exists, depending on ion type and energy. Although a number of reviews and monographs
are available on this subject, we have concentrated on recent developments (e.g. the
production of waveguides with optical barrier by electronic excitation) and novel crystal
hosts with a promising potential for laser and nonlinear optical applications. Special
attention/emphasis has been paid as well to the novel processing capability due to the high
electronic excitation (“electronic damage”) provided by high energy (> 0.1 MeV/amu)
heavy ions and/or swift heavy ions (> 1 MeV/amu). This field is still alive, both from the
scientific and technological sides, and exciting achievements are likely to show up in the
coming years. Particularly attractive is the connection/synergy between the (lateral) nano-
structuring with the deep structuring capability (microns thick) of swift heavy ions.
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1. Introduction

Piezoelectric nanostructures are currently of the potential interest for the development of
MEMS / NEMS (Micro / Nano-Electro-Mechanical Systems). Their main applications in the
biomedical domains (micro / nano bio actuators and sensors), in automobile industry
(actuators and sensors) and in aeronautic industry (health control monitoring) are based on
PbZro54Tio4603 (PZT) recognized as leading material for these piezoelectric micro/nano
devices.1 2.3, 4 The fabrication of piezoelectric nanostructures on pure PZT (or “doped- PZT”)
films is frequently performed by means of Reactive Ion Etching (RIE or ICP (Inductively
Coupled Plasma) -RIE with fluorine and/or chlorine gases), Reactive Ion Beam Etching
(RIBE), Focused Ion Beam (FIB) Ga3* etching and electron beam direct writing. 5 ¢ 7 8In the
present study we focus our results on Ga3* FIB etching of PZT nano structures. Typically,
the obtained results show that it is possible to fabricate nanostructures with very small
lateral size (50 nm on PZT films) when the films are etching in amorphous state followed by
a post annealing treatment at the temperature which correspond to the perovskite formation
temperature; the piezoelectric properties are similar to those obtained on un etched PZT
films. Any degradation is observed. For crystallized films, the situation is completely
different: no ferroelectric properties are observed after etching and the piezoelectric-
response is strongly degraded. A post annealing treatment in oxygen results in a partial
recovery of the ferroelectric properties. The main goal of the present study is to evaluate the
damage induced by FIB etching of PZT films: implantation of Ga3* and film amorphisation.
The damaged layer that appears on the films’ surface was thoroughly characterized in terms
of the composition and charge implantation but a more detailed characterization seems to be
necessary. To address the quality of the nanostructures, the measurement of local
electromechanical activity via piezoelectric hysteresis loops acquisition using Piezoelectric
response Force Microscopy (PFM) is certainly one of the best options. The conclusion of this
work is the development of a suitable process of nano-structures manufacture without
introducing piezoelectric property degradation.

2. Description of the structures and experimental set up
2.1 Structure

In this work, we have studied two types of Si/SiO,/TiO«/Pt/PZT/Pt structures, namely
PZT films being either in amorphous or crystallized state before etching 9. The films in both
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states are deposited by radio frequency magnetron sputtering without substrate heating and
therefore the films were amorphous. The film composition is fixed at the morphotropic
phase boundary (Zr/Ti = 54/46). A post annealing was used to crystallize the PZT film in
the Perovskite phase; the annealing temperature was 625°C (conventional annealing) in air
during 1/2 hour 0. The film thickness varied between 100 and 300 nm depending on the
island diameter, i.e., for a small island diameter the film was thinner to reduce the etching
time. Figure 1 presents a typical scheme of the PZT nanostructure (nano island) that we
fabricate with the FIB system.

PZT islands fabricated by FIB

. Piezoelectric film: PZT amorphous or
Ptor LNO top electrode ~ Ga®* ions crystallized. Thickness: depending of the

island

Bottom electrode Pt or LN
SN
Si/SiO,

PZT

Substrate

Fig. 1. PZT nano structures (nano island) fabricated by FIB etching on crystallized sample
(conventional etching) and on amorphous sample (post annealing after etching).

2.2 FIB system

A focused beam of Ga3* ions (STRATA DB 235 - FEI) was used to pattern the PZT film, Figure
2 shows our FIB system. The system was equipped with both the electron and ion beams.

Fig. 2. FIB Machine: FEI dual STRATA 235 - SEM coupling with Ga3* ion beam

The advantage of this system is the possibility to monitor the etching process in real time.
The acceleration voltage was 30 kV and ion current was in the range 100 - 10pA depending
on the island diameter. We have studied the relation between the current density of the ion
beam and its diameter. The ion beam was at the 90° angle to the etched surface.
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2.3 Piezoelectric characterization at nano-scale

At nano-scale, the Atomic Force Microscopy (AFM) is currently used 117. Several AFM
techniques, namely, Piezoelectric-response Force Microscopy (PFM) (and its spectroscopic
tool which enables the measurement of local piezoelectric hysteresis loops) and Kelvin Force
Microscopy (KFM) have been developed and these techniques were used in this work to
characterize the piezoelectric nanostructures. For such investigations, a commercial AFM
(Multimode, Nanoscope IIIA, Veeco) operating under environmental conditions was used; a
scheme of the system is given Figure 3. The local piezoelectric hysteresis loops were
obtained by plotting the amplitude of piezoelectric vibration A as a function of the DC
voltage in so-called “in-field” mode in order to provide information about
electromechanical activity. The frequency and the amplitude of the driving AC voltage were
f=2kHz and Vac = 1.5 V, respectively. The applied DC voltage was gradually swept
between -10 V and +10 V within the period of 200 s. To minimize the electrostatic force
effect, Pt/Ir coated Si tips/cantilevers with relatively high spring constant of about 45 N.m-1
were used!6. PFM domain imaging was also performed using the same cantilevers with the
spring constant of 3.8 N.m (the frequency and the amplitude of the driving AC voltage
were f = 8 kHz and Vac = 1.5 V, respectively). KFM is a non contact AFM-based technique
based on the electrostatic interaction between the tip and the surface. Surface potential maps
are easily detected due to work function variation as a result of surface charges, electric
dipoles or absorption layer

< P Lockin amplifier | ———— Amplitude
photodetector Ametek 7265 and Ehasje
Of Vibration
Reference A
Contdct ’
mode{AFM

and 1.5 Vrms

Feedback
: > J

Amplifier

) ‘ Oscillator at 10 kHz

AFM Multimode Veeco

Tip: Nanoworld Arrow-NCPt covered with Pt/Ir, F = 42 N/m (to
Topography — supress or to limit the electrostactic charges),
Fr = 285 kHz, Probe holder with possible polarization (C-AFM-type)

UVF

Fig. 3. AFM Multimode Veeco Tip: Nanoworld Arrow-NCPt covered with Pt/Ir, F = 42
N/m (to suppress or to limit the electrostatic charges), Fr = 285 kHz, Probe holder with
possible polarization (C-AFM-type)

2.4 Results and discussion

Before the fabrication of Pt/PZT/Pt islands, we have evaluated the degradation induce by
the Ga3* ion beam on the crystallized PZT films deposited on the entire substrate. A large
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zone 7 x 7 pm?2 was etched at different doses (Figure 4); the Ga3* dose is in relation with
number of path of the beam. More precisely, the number of ion beam paths was varied
between 1 and 20. According to 8, the relation between the number of paths and the Ga3*
ion dose is the following: ion dose = 413 for 1 path and it become 315 for 20 paths

FIB etching zone for
PFM, CAFM, KFM and

| Raman spectroscopy
study

Fig. 4. Scanning Electron Microscopy (SEM) image of an etched zone by Focused Ion Beam
(FIB). The dimension of the zone is 7 pm x 7 pm. Piezo-response Force Microscopy (PFM)
and Kelvin Force Microscopy (KFM) images are made in this zone.

Firstly, we have analyzed macroscopically the defects induced in the material by Raman
Spectroscopy. We have compared the responses of different samples: (a) the un-etched
crystallized PZT film, (b) after hardest amorphous FIB etching process (Ga ion dose value
=315), c) after lightest conventional FIB etching process (dose value =413), (d) after hardest
conventional FIB etching process (dose value =315). The results are presented Figure 5.

Lied 1

et Whiag!
300 (d)
© w ooy "\
L

®) Wy, \
200 |- B:‘rg\;i J/M[‘MA 4
M A1 T03 %

E LOS

100 L
200 400 snu EDD 1000
Raman shift (cm’1)

(44

Raman intensity(a.u.)

Fig. 5. Raman Spectroscopy on PZT by conventional FIB etching process. The broadband
centered at 280, 572 and 676cm!=» modes in the single PZT crystals

For the hardest conventional etching case, the Raman spectra recorded in the region
exposed to the FIB shows an important modification in comparison of single PZT crystals 1%
20: we observe a sharp increase in the intensity of the Raman peak at 676cm- which
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corresponds to the (E(LO3) mode). This result is certainly connected with the distortion of
the tetragonal symmetry of the PZT crystalline lattice due to the ion implantation and the
modification of the stress state 2. 22. The broadening of Raman scattering in 550-900 cm-!
region could be attributed to the existence of the amorphous material which is usually
expected during the conventional FIB etching process. 23 24 25 In conclusion, whatever the
FIB etching process, the peak position of Raman shift does not show any change, so the
crystalline structure still exhibits perovskite phase.

We have compared the piezoelectric response of three samples (Figure 6): un-etched
crystallized PZT film (denoted as sample (a)), amorphous PZT film etched before
crystallization (sample (b)) and PZT film etched after crystallization (sample (c)). In
crystallized PZT films (sample (c)) we observed strong piezo-response degradation
whatever is the ion dose during etching. In fact, no piezoelectric response was obtained even
after 1st path. At the same time no ferroelectric domains could be imaged.

|__— 20 paths
(Ga 3*ion dose=315)

1 path
T~ (Ga3* ion dose = 4 13)

+* Results: PFM measurements of FIB-etched PZT square patterns show that there is no piezoelectric
response inside the square. The results suggest that there exist a damaged layer on the surface of the
square, which can affect the piezoelectric performance of PZT

Fig. 6. PFM signal (amplitude) on the etched zone (conventional process: PZT crystallized)
as a function of the number of paths.

The degradations induce by the FIB are not limited to the etched region; we have observed
that even outside the exposed zone, some defects appears. Figure 7 shows this phenomenon,
in this example we use the conventional FIB process. The PFM signal is restore at 100 pm
outside the etched zone, the explanation can be in relation with the spatial extension of the
ions beam. It is well known that the ions beam has a Gaussian form and as a consequence
the zone outside the etched region is also in contact with the Ga3* ions beam.

We tried to rejuvenate at least partially, the piezoelectric activity using a post annealing
treatment (as it is currently proposed in the literature, e.g. for PZT films etched by
RIBE?2?), but irrespective of the conditions (temperature, atmosphere) we were unable to
restore the initial properties of the films. These results suggest that a damaged layer exists
on the surface of the film which affects strongly the piezoelectric performance of PZT
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films. These damages could be: amorphisation of film surface, modification of the film
composition, etc. In order to understand more the phenomena we analyse the film surface
by KFM. The results are presented Figure 8. We show the evolution of the KFM signal as a
function of the number of paths, the changing of colour of the etched zone is in relation
with the number of paths; when the etched zone is completely degraded, the zone
becomes black. Some effects can explain these modifications: lead loss, gallium
implantation; some authors have observed the substitution of Ga in the place of Pb to
form: GZT (Ga,Zr,Ti) at the film surface.26
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Fig. 7. Extension of the degradations outside the etched zone: influence of the ion beam
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Fig. 8. KFM signal on conventional etching sample measure on areas subjected to different
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The KFM image of Figure 8 shows the evolution of the tip grounded CPD (Contact Potential
Difference) response as a function of the number of paths on the conventional etching
sample. The KFM and the CAFM (see later) measurements were made at the same time that
means with CAFM configuration the tip is virtually connected to the ground and the bias is
applied to the sample. The change of contrast is, of course, directly related to the variation of
the surface properties such as the composition and / or amorphisation of the material and
induced structural defects. We cannot make more definitive conclusion for the moment but
it is clear that after 20 paths the etched region is completely modified. A CPD profile (here
the sample is grounded) over the three etched area indicates almost no modification of CPD
for 1 path and apparent decrease by 350 mV and 500 mV for 10 and 20 paths, respectively. In
our conditions (room and instrument calibration), the CPD of the surface was -50mV
relative to a sample grounded. To compare the KFM signals obtained on the samples (b) and
(c), we perform a second experiment under the same condition (tip, instrumentation
configuration and sample grounding).

The results are presented in Figure 9. The strong contrast difference in the sample (c) (between
etched and not-etched areas) confirms the strong damage induced and a consequent
modification of the surface potential. On the contrary, only weak damage (small contrast
variation) is observed for the sample (b) (etched in the amorphous state). To point out these
variations more clearly, we indicate the CPD value across the etched region (Figure 9b).
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Fig. 9. a) KFM signal measured on amorphous and crystallized film after etching.
b) Cross-section of the contact potential measured sample c. The position of the scan is
précised figure a.
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It confirms that the potential increase between the un-etched surface and the surface of PZT
etched after crystallization is very large (about 300 mV). The implanted charges are the same
in both samples but for amorphous sample we can suppose that the annealing treatment
induces these charges neutralization and a slight decrease (10 mV) of the CPD is only
detected. The properties of the etched area are certainly different depending of the process.
The difference, in terms of material is not only due the presence of charge on the sample
surface but some crystal defects (dislocations), substitution between Pb and Ga 77,
implantation of metallic Ga3* probably were maintained on sample (c) but not in sample (b)
due to the annealing treatment. Figure 4 shows the piezo-response amplitude A measured
on etched zone after 1 path and 20 paths in the sample (c) (etched after crystallization). As
we can observe, only weak piezoelectric activity is obtained even after one path. The poor
ferroelectric properties are confirmed by the absence of the hysteresis on both samples.
Therefore, the FIB etching is detrimental to functional properties of PZT. Annealing of these
etched zones (in air or in O atmosphere at different temperatures and times) had no effect
on piezo-response. On the contrary, for PZT etched before crystallization (sample b), the
piezoelectric signal (measured after crystallization) is the same as the one obtained for the
sample (a) irrespective of the ion dose. Even if degradation is induced on the sample (b), the
annealing treatment (crystallisation of the film) permits to eliminate the damages. These
results confirm that the strong degradation occurs on the initially crystallized samples and
no degradation happens if the FIB is conducted on amorphous samples.

To conclude this work it is evident that the surface potential is changed after etching,
especially for the region exposed to conventional FIB, i.e. on crystallized PZT film. To see it
more clearly, we shows the absolute surface potential value across the etching region
(Figure 10). It implies that the potential difference between the un-etched surface and the
surface after amorphous etching is very small (only about 15mv), while the difference
between the un-etched surface and the surface after conventional FIB etching is very large
(about 300mv).
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Fig. 10. Absolute film surface potential measured by KFM

So, it is evident that for nanostructures fabrication, the FIB process is very well adapted
when the film is in amorphous state (probably due to the lake of grain). So, no degradation
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is observed and maybe the post annealing treatment (at temperature equal to the
temperature formation of the perovskite phase formation) following the etching process
could suppressed the eventual degradations induced is the amorphous one.

In this second part of this work, we focused the results and discussions about the fabrication
of PZT nano structures, named nano islands. The typical structures obtained by SEM are
shown in Figurell. The size of the island shown in Figure 11 is 50 nm.

500 nm

A Pt top electrode was used as a mask to protect the top of the island and, therefore, we take
into account only the defects introduced into the islands walls. The etching anisotropy is
probably due to the selectivity between Pt and PZT; this effect could be a limitation of the FIB
process and it seems more difficult to decrease the island diameter with this technique. The
comparative results of the PFM measurements on the PZT islands of 50 nm of size are shown
in Figure 12. These results confirm that with conventional etching (on crystallized PZT) the
piezoelectric response disappears completely and even after a post annealing treatment the
signal could not be restored. On amorphous PZT etching followed by a post annealing
treatment at perovskite formation temperature, the piezoelectric response is excellent.
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Fig. 12. PFM signal (amplitude) measured on PZT islands of 50 nm after (a) conventional
etching process, (b) post-annealing at 625 °C under O, (c) amorphous FIB etching process.

These results contradict to those obtained by Stanishevsky et al. 17 where the acceleration voltage
of the Ga3* ions is larger (50 kV) and so it had to induce stronger degradation. In order to
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explain why the piezoelectric signal disappeared we have performed a local I (V) measurements
with CAFM on the similar PZT island obtained with the conventional process (etching on
crystallized PZT) with 250 nm diameter. The result is shown in Figure 13 for these experiments,
a Vpc bias was applied to the substrate holder and the top surface Pt was grounded.
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Fig. 13. I(V) measurement on conventional etching sample obtained by Conducting Atomic
Force Microscopy (CAFM).

The current increased rapidly with the applied voltage indicating strong local conductivity
due to the presence of an electrical conducting channel. This proves a very strong damage
due to Ga3* ion implantation in the PZT nano-islands and associated loss of the piezoelectric
activity. The leakage current becomes more important when the island diameter decreases,
it is thus can be responsible for the results on 50 nm islands. This observed conductivity
increase is thus responsible for the weak electromechanical activity observed with the
conventional process.

To conclude, we present a new device for BioNEMs applications. It consist of a networks of
nano islands (Figure 14) fabricated by FIB. The network is constituted by nano islands of 100
nm; the dimension of the network is 600 x 600 nm?

Fig. 14. Network (600 x 600nm2) of islands (100 nm) for bio application: functionalization of
the surface

We measure now the PFM responses of all the nano islands.
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3. Conclusion

In conclusion, in this work we have evaluated the damages induced by the Ga3 FIB process
for the fabrication of PZT nano structures. Two processes have been developed:

- - the conventional process where the films are crystallized before etching followed by a
post annealing to restore the initial piezoelectric electric properties,

- - the amorphous process where the etching process is made on amorphous films
followed by a post annealing treatment at the Perovskite formation temperature.

In order to estimate the induced degradations by these two processes we have firstly etched
large PZT film zones. The main conclusion is that when the PZT is crystallized in the
Perovskite phase a strong degradation is observed and the piezoelectric of the film
disappears even after a post annealing treatment. In amorphous state no degradation is
observed. So, we have choice this process to fabricate nano piezoelectric structures.

By an optimization of the FIB Ga3* beam and by using amorphous PZT films we have
fabricated piezoelectric nano structures: the minimum diameter size of the nano structure is
50 nm. Even at this dimension the nano structure gives always a piezoelectric response. To
measure this piezoelectric activity on very small material we have developed and optimized
many experimental set up such as : PFM, KFM, CAFM,; these methods are relatively news
and very well adapted to measurements at nano scale but these methods are very sensitive
to external parameters: electrostatic charges, contact between the tip and the material
surface,... Many precautions must be taken if you want that these measurements are a true
reality of the nano structures performances.

For the nano piezoelectric performances, the conclusions are clear and similar to those
obtained on film: with the conventional process, the piezoelectric response disappears (even
for large islands (diameter = 800 nm) and even with a post annealing treatment the properties
can’t be restored. The piezoelectric activity of the nano structure is maintained with the
amorphous process. So, the amorphous process is used to fabricate piezoelectric
nanostructures. PZT islands of 50 nm in diameter were fabricated and the piezoelectric
response was unchanged in comparison with un-etched PZT films. Identical results have been
obtained on PMN-PT films. We try in future work to decrease the island diameter and maybe
found a diameter where the piezoelectric activity disappears as predicted by some authors
(when the dimension of the island = dimension of the domains). A limit exist with the FIB
process (due to the anisotropy) and we will try to find this limit and maybe the electron beam
lithography will be more adapted for very narrow PZT island (< 50 nm in diameter).
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1. Introduction

Metal nanoparticles (NPs) have been the subject of intense research in recent years, largely
due to their characteristic surface plasmon resonance (SPR), a phenomenon arising from the
collective oscillation of their conduction electrons. The SPR characteristics of metal NPs have
been exploited to utilize them in medical diagnostics (Allain & Vo-Dinh, 2002),
immunoassay (Hirsch et al., 2003a; Cui et al., 2006), cancer treatments (Hirsch et al., 2003b;
Zhang, 2010), biological or chemical sensing (Sun & Xia, 2002; Alivisatos, 2004; Cao et al.,
2009), and surface enhanced Raman scattering (SERS) (Jackson & Halas, 2004). Large third-
order optical susceptibility and picosecond optical response of metal NPs made them
excellent candidates for non-linear optical devices (Mazzoldi et al., 1996, White et al., 1998;
Pavesi et al., 2000; Borsella et al., 2001). Strong SPR-induced optical absorption of these
nanostructures has also been utilized to enhance their photocatalytic activity (Tihay et al.,
2001) and to increase the efficiency of dye-sensitized solar cells (Catchpole & Polman, 2008;
Atwater & Polman, 2010; Ding et al., 2011).

Frequently these NPs are incorporated into dielectric or semiconducting matrices to
fabricate dielectric-metal or semiconductor-metal nanocomposites with the aim of
manipulating their functionalities, exploiting the characteristics of both the matrix and the
metal NPs. Among the nanocomposites, those in which the SPR effect is prominent are
called plasmonic nanocomposites (PNCs). Frequently these nanocomposites are fabricated
by incorporating nanoparticles of noble metals like Au, Ag and Cu in insulating matrices
like silica (a-SiO2), quartz (c-Si0), and other metal oxides like zinc oxide (ZnO), alumina
(ALxO3), and titania (TiO,). Though, in principle, several other metal particles can be used for
the fabrication of PNCs this is seldom done, due to their high proneness to oxidation or
interband transitions in the usable spectral range. Consequently, in this short review we will
mainly focus on these three important metals.

Two characteristics, particularly important for practical use of plasmonic nanocomposites,
are: the location of the SPR in the desired spectral position and a high optical extinction. For
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the very small metal NPs (i.e. those much smaller than the optical wavelength) the extinction
is dominated by absorption and the absorption coefficient (o) can be expressed as (Arnold &
Borders, 1977):

18mQn3 £

A (g0 + anl)2 + s%l

@)

o (cm™) =

where Q is the volume fraction occupied by the metallic nanoparticles, ng is the refractive
index of the host matrix, & and & are the real and imaginary parts of the dielectric constant
of the bulk metal, respectively, and A is the optical wavelength. The value of o becomes
maximum at the surface plasmon frequency (wspr), when

€1 ((USPR) + Znﬁ =0. (2)

As we see, the SPR frequency of metal nanoparticles depends on both the optical constant of
bulk metal and the refractive index of the host matrix. Estimating the wavelength variation
of & from the optical constants given by Johnson and Christy (Johnson & Christy, 1972) for
Au, Ag, and Cu, and refractive indices of common oxide matrices we can calculate the
position of the SPR band for different nanocomposites, as presented in Table 1. Though the
position of SRP in different nanocomposites depends also on the size and size distribution of
the metal NPs, for which we must introduce size correction terms (Hovel et al., 1993) in
equation (2), we can see that the tabulated SPR energies are in good agreement with the
reported values for the nanocomposites fabricated by different methods (Ballesteros et al.,
1997; De, 1997; Pal et al., 2000, 2001; Vazquez-Cuchillo et al., 2001; Wang et al., 2003; Garcia-
Serrano & Pal, 2003; Barreca et al., 2004; Subramanian et al., 2004; Zeng et al., 2004; Hazra et
al., 2004; Okumu et al., 2005; Ryasnyansky et al., 2005; Serna et al., 2006; Sonawane &
Dongare, 2006; Mishra et al., 2008; Zheng et al., 2008; Kalidindi & Jagirdar, 2008; Kim et al.,
2008; Manoilov, 2009; Jiang et al., 2009; Ma et al., 2009; Sangpour et al., 2010; Tohidi et al.,
2010; Duhan et al., 2010). As the absorption coefficient depends on the volume fraction
occupied by metallic NPs in the composites (eq. 1), the intensity of the SPR band increases
on increasing the amount of incorporated metal NPs.

Several methods have been utilized to fabricate plasmonic nanocomposites like co-
sputtering, ion-implantation, sol-gel, laser ablation, etc. (De, 1997; Pal et al., 2000; Garcia-
Serrano & Pal, 2003; Barreca et al., 2004; Kim et al.,, 2008; Manoilov, 2009). However,
irrespective of the fabrication method, practical application of these materials strongly
depends on parameters like the size and shape of the incorporated metal NPs, volume
fraction occupied by them, homogeneity of NP distribution, and their composition. In this
respect, each of the utilized methods has certain constrains. Although ion-implantation is
not as versatile as other techniques used for the fabrication of plasmonic nanocomposites, it
still has several attractive advantages. For example, ion implantation followed by an
additional thermal annealing has proven to be a very useful method to obtain large volume
fractions of NPs embedded in solid matrices. Additionally, those NPs are located in a well
defined depth below the surface, chosen mainly by the ion energy (Oliver et al., 2002). Some
other advantages of ion implantation include controllability of depth profile and
concentration, high purity, and the possibility to overcome low solubility restrictions.
Particularly, deep ion implantation using energies of the order of MeV produces an ion



lon Implantation for the Fabrication of Plasmonic Nanocomposites: A Brief Review 329

depth distribution located some micrometers underneath the surface and wide enough to be
convenient for the production of optical waveguides. Ion implantation has been also
successfully used to create more complex structures such as alloys (Mattei, 2002),
sophisticated aggregates (Mattei et al., 2003b; Pellegrini et al., 2007a, 2007b), core-shell
structures (Pefia et al., 2009) and nanorods (which are aligned, unlike those produced by
other methods) (Rodriguez-Iglesias et al., 2010a; b).

In this chapter, we intend to review the current status of the synthesis of plasmonic
nanocomposites by means of ion-implantation. In the year 1984, Picraux (Picraux, 1984) has
published a useful review on the status of ion-implantation in metals, improving the
understanding on the kinetics and equilibria in metal alloy reactions, surface modification,
and defect structures. Similarly, Buchal ef al. (Buchal et al., 1994) have reviewed the status of
ion-implantation in optical materials in 1994, focusing mainly on the usefulness of the
technique for producing linear and non-linear optical devices. However, apart from a good
review on Cu implanted alumina by Stepanov and Khaibullin (Stepanov & Khaibullin, 2005)
there exists no recent review summarizing the current advances made on the utilization of
this technique for the fabrication and processing of plasmonic nanocomposites which have
emerging applications in diverse fields.

Incorporated  Matrix material = Predicted  Measured Referen
species (refractive index) (eV) (eV) ererences
. ) (Barreca et al., 2004;
Au SiO; (1.48) 2.35 2.48-2.21 Kim et al., 2008)
(Roiz et al., 2004; Ma et
Ag SiO; (1.48) 3.12 3.92-3.02 al., 2009; Duhan et al.,
2010)
. } (De, 1997; Petia et al.,
Cu SiO; (1.48) 2.70 2.31-1.59 2006; Tohidi et al., 2010)
: (Garcia-Serrano & Pal,
Au Al O3 (1.76) 224 2.38-1.79 2003; Hazra et al., 2004)
) (Zeng et al., 2004;
Ag AlLOs (1.76) 2.85 3.08-2.06 Manoilov, 2009)
. (Ballesteros et al., 1997;
Cu AlLO;s (1.76) 2.20 2.10-2.00 Serna et al., 2006)
] (Wang et al., 2003;
Au ZnO (2.00) 214 2.48-2.25 Mishra et al., 2008)
) (Shan et al., 2007; Zheng
Ag ZnO (2.00) 2.64 2.91-2.53 et al., 2008)
(Ryasnyansky et al.,
Cu ZnO (2.00) 2.09 2.14-2.06 2005; Kalidindi &
Jagirdar, 2008)
(Subramanian et al.,
Au TiO; (2.80) 1.80 2.34-1.83 2004; Sonawane &
Dongare, 2006)
. (Okumu et al., 2005;
Ag TiO; (2.80) 2.09 2.58-2.10 Jiang et al., 2009)
Cu TiO; (2.80) 1.82 2.15 (Sangpour et al., 2010)

Table 1. SPR positions in common plasmonic nanocomposites.
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2. Implantation of metal ions in dielectrics

Since long ago, ion implantation has been used to modify the optical properties of materials.
Dielectrics such as silica glass (SiO,), alumina (AlOs), and quartz have been used
traditionally for this purpose; but recently several other metal oxides like ZnO and TiO»
have also been utilized. Historically, ion implantation has been used to change the optical
properties of dielectric target materials like reflectivity, absorption, refractive index,
luminescence, and electro-optic coefficients (Mazzoldi, 1987; Townsend, 1987). Those
modifications are not only associated to the implanted species, but also to a number of other
phenomena occurring during the process like radiation damage caused by the ion beam,
and formation of colloidal precipitates of the implanted species with diameters in between 2
and 20 nm (Hughes, 1983). As the mechanism of formation of radiation damages and their
elimination processes have been widely discussed in the literature (Agull6-Lopez et al., 1988;
Pal et al., 2000; Bianconi ef al., 2009; Rivera et al., 2010), we will concentrate our discussion on
the latter mechanism only.

In fact, the formation of colloidal precipitate of metals like Au and Ag has been utilized for
hundreds of years to design beautiful colored glasses (Bamford, 1977). While the color of the
implanted dielectrics depends mostly on the implanted species (metals) and to some extent
the size of the formed colloidal particles, their intensity/contrast depends on the volume
fraction occupied by the colloidal precipitates in the matrix. So, apart from the nature of
implanted metal, a control over the implanted dose (amount of implanted species
incorporated into the dielectric matrix) is essential to control the optical properties of the
substrates (dielectrics). In contrast to the conventional melt growth process, where only
about 1% of impurities (guest atoms) can be incorporated into a matrix, there is no such
restriction in ion implantation, as the process occurs without thermodynamic restrictions.

For the ion implantation purpose, the ion beams of selected metals doses in the range of
1016-108 cm2 have been utilized to expose solid target surfaces as big as a few cm?. In fact,
the process has the ability to fabricate technological grade composite wafers with uniform
distribution of metal NPs at precise depths below the target surface. The range of metal NP
distribution, their occupied volume fraction, size (diameter), and composition can also be
controlled by suitable adjustment of implantation parameters. In the following section, we
will discuss how these parameters can be controlled and their effects on the characteristics
of the final product (nanocomposites).

2.1 Controlling parameters in ion implantation process

Essentially any specie can be introduced into a solid matrix by means of ion implantation,
thereby changing its physical properties. For this purpose, ions of the desired element are
produced in an ionization chamber; then they are electrostatically accelerated to the desired
energy and, finally, allowed to impinge on a solid target. As typically each ion is a single
atom, the amount of material incorporated or implanted into the target can be precisely
calculated by integrating the ion current over the exposure time. The amount incorporated
is called dose or fluence. Generally the ion currents used for implantation are small, in the
range of nano- to microamperes. lIon beam energies may vary from a few keV up to
hundreds of MeV, depending on the requirement, though energies in the range of a few
MeV are commonly used to produce PNCs. Greater ion energy causes higher structural
damage to the target. However, due to broader depth distribution, the change in chemical
composition at a certain point in the target would be small.
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When high energy ions penetrate into a solid, they gradually lose energy due to non-elastic
collisions with the free electrons of the solid and elastic collisions with the nuclei until they
become immobilized. As the second process is an elastic one, most of the energy loss of the
incident ion bean occurs very close to the surface of the solid, due to the first process. The
penetration depth of the ions in the solid target depends on the ion energy, nature of ionic
species, and the nature and composition of the target. Typically, the penetration depth or the
range of the ions in a solid target varies in between a few nanometers to a few micrometers,
and hence all the changes occurring during the implantation process remain near the surface
of the target material (Figure 1).

lon concentration

Depth

Fig. 1. Schematic presentation of the ion implantation process in a solid and the
implantation profile.

Typical ion doses utilized for fabricating plasmonic nanocomposites vary in between
1.0x1016 cm-2 and 2.0x10'7 cm2. While a greater dose frequently induces the formation of
undesired nanovoids or nanocavities in the target matrix (Kooi et al., 2000) or inside metal
precipitates (particles) (Ren et al., 2006) due to aggregation of vacancies driven by the heat
produced during the high-dose ion irradiation, lower doses frequently incorporate metallic
species in ionic state inside the dielectric matrices (Haug et al., 2009). While higher ion
energy enhances the penetration depth of the implanted species, a higher ion dose shifts the
maximum of the distribution of the implanted species in the target towards lower depths,
due to the diffusion to the heavily-damaged region produced just before the ions are
stopped (Figure 2). Though the penetration depth of ionic species remains within a few
micrometers beneath the surface of the implanted solid, it can extend to a larger depth on
increasing the temperature of the solid target.

In the case of an amorphous solid target, the implanted ions get distributed randomly
following a Gaussian profile inside the matrix, which can be expressed as:

(Rp - X)Z bo (Rp - X)Z
N(x) = N - = - ) ©)
() = Noexp 20R% 2niR, | 28R

where N(x) is the concentration of ions at a distance x from the surface; No is the
concentration of ions at x = Ry, ¢y is the total implanted dose and R;, is the effective range of
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penetration by an ion, dependent of real range R., where R,, the real range of penetration,
i.e. distance covered by the ion in the implanted solid, and AR}, is the standard deviation of
the R, value. The location of R, depends predominantly on the energy of ions and their
atomic mass. The relative dispersion of implanted specie, i.e. AR,/R, depends both on the
atomic mass of the implanted species and the atomic mass of the solid target.
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Fig. 2. a) Variation of profile and depth of implantation of Cu* ions into ALO3 with the
variation of ion energy, calculated using SRIM 2008 (Ziegler, 1985, 2008); b) Implantation
depth versus dose, calculated using dynamic computer code DYNA of Cu* ions of 40 keV in
ALOs. Adapted with permission from AIP Conf. Proc. 680 (2003) 601-604 (Stepanov &
Popok, 2003).

On the other hand, for the case of a crystalline solid target, the range of penetration and the
implant distribution strongly depend on the orientation of the structure with respect to the
direction of beam incidence. Generally the penetration depth or the implantation range is
about one order higher when the ion beam is projected along a given crystallographic
direction of the target like [111], [100], etc. (Burakowski & Wierzchon, 1998). As can be seen
from Figure 3, the defect distribution profile remains at a shallower level with respect to the
implant distribution.
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Fig. 3. a) Schematic illustration of the range of penetration; b) variation of implantation
range R, and standard deviation AR, with ion energy for 2 MeV Au ions implanted in silica;

c) distributions of implanted ions and defects. All simulations were performed using
SRIM 2008 (Ziegler, 1985, 2008).

3. Controlled growth of noble metal nanoparticles through ion-implantation

The noble metals like Au, Ag and Cu have been incorporated into dielectric matrices to
produce several plasmonic nanocomposites with varied combinations of metals and
dielectrics. The main objective of such works was to utilize the intense local field, strong
linear optical absorption or SPR in applications such as optical sensing, biological and
chemical sensing, and fabrication of all-optical devices. The electronic transitions
responsible for plasmon absorption in metal NPs are also responsible for the generation of
optical nonlinearities in the same spectral range, i.e. at the SPR position. To exploit the
advantage of this SPR absorption in nanocomposites, it is desirable to have a high
concentration of metal NPs (i.e., high filling factor) in the matrix (Flytzanis et al., 1991).
Therefore, as has been mentioned earlier, apart from the adequate energy of implantation, a
high dose of implanted ions is required. By the terms “high metal ion dose” ¢o, we mean a
dose exceeding the solubility limit of the metal atoms in the target (dielectric in the present
case), which generally vary in between 105 - 1017 cm2, depending on the nature of ion
species and target materials. The characteristics of the incorporated metal NPs also depend



334 lon Implantation

on the utilized ion dose. While there is a limiting value of implanted dose for each
combination of metal ions and target material to obtain well dispersed metal NPs with
controlled nucleation and growth (i.e. with definite geometrical shape and size), doses
higher than this limiting value cause aggregation or coalescence of the formed NPs, strongly
affecting their optical properties (Figure 4). For example, for 25 keV Ag* ion implantation
into LiNbO;, the limiting dose was found to be ¢g ~5.0x1015 cm2 (Deying et al., 1994), and
~10% cm?2 for 30 keV Ag* ions in solid epoxy resin (Stepanov et al., 1995). In fact, the
implantation range and concentration distribution of the metal NPs strongly depend on the
implantation dose (Figure 2b).

Fabrication of plasmonic nanocomposites by ion implantation dates back to 1973, when
Davenas and co-workers (Davenas et al., 1973) pioneered this method to fabricate metal NPs
of silver, calcium, etc. inside crystalline LiF and MgO matrices. Later, the method was
extended for the fabrication of other metal NPs in several other matrices like sapphire
(Al,O3), silica (SiO2) and even polymers. For practical applications, plasmonic
nanocomposites containing metal NPs of desired sizes, high filling fraction, and controlled
composition are the basic requirements. While the ion implantation technique can introduce
virtually any element in any matrix without solubility restrictions, the typical cluster size
distributions in ion implanted nanocomposites are not narrow. On the other hand, progress
has been made to fabricate metal-dielectric nanocomposites with controlled composition of
metal NPs like elemental metallic clusters, bimetallic alloy clusters and core-shell type
bimetallic nanoclusters. Depending on the nature of the metallic element and the matrix,
adequate adjustments of implantation conditions (e.g. implantation energy, dose) and post
implantation treatments (thermal annealing, laser annealing, etc.) in adequate atmosphere
(e.g. oxidizing atmosphere like air or oxygen, inert atmosphere like argon and reducing
atmosphere like hydrogen or a mixture of hydrogen and argon) are necessary to fabricate
each type of the above mentioned architectures. In the following sections we will discuss on
the fabrication of each of these nanoarchitectures, their plasmonic behaviors, and
application potentials.
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Fig. 4. Basic physical processes (left to right) involved in the formation of metal
nanoparticles from an implant at different ion doses.



lon Implantation for the Fabrication of Plasmonic Nanocomposites: A Brief Review 335

3.1 Formation of nanocomposites

At a certain temperature, when the solute concentrations are above their solubility limits in
a matrix, there occurs spontaneous condensation of solute. Within a homogeneous matrix
and in conditions which may rule out coalescence, this condensation usually leads to the
formation of spherical clusters. The theory of growth of spherical clusters has been
developed and used by many authors (Lifshitz & Slezov, 1959; Aaron et al., 1970). According
to this theory, at relatively low temperatures (in comparison with the melting temperature
of bulk materials), formed clusters predominantly go through a stage of nucleation and
growth. The exact analytical solution of the growth process of a spherical cluster is very
difficult to obtain. For this reason, various approaches have been used to represent the real
solution to a greater or lesser extent. In particular, we want to solve the field equation:

pvic-% (4)
ot
where D is the volumetric coefficient of diffusion (assumed to be independent of position)
and C=C(r,t) is the field of concentration in the matrix around the precipitate. Also, the
independent equation of flow balance must be satisfied:

dR __aC
(c, —C,)E:DE

: ®)
r=R
Cp is the concentration of the precipitate (constant), C; is the solute concentration in the
matrix, at the precipitate-matrix interface and R is the value of r on that interface. For the
condition (Cp - Cum)>>(C; - Cy), the R(t) is a slowly varying function of time and a way to
simplify the field equation (4) is by using the invariant-field approximation in time (Laplace
approximation), which is dC/dt =0 , thus being the Laplace equation V2C =0 . Now, for the
steady state of the cluster, we can solve the equation (4) to obtain:

1/2

R=2(Dt) C;—Cy

1
,where 1=(-k)?,k=2—-"", 6
(- k=2 ©
where Cy is the concentration of solute in the matrix far away from the precipitate. The
problem is almost identical for the dissolution of clusters. In this case R(t = 0) =Ry >0, we
obtain the expression:

R*=R2 - kDt. @)

Note that k is positive during the dissolution and negative during the growth.

3.2 Fabrication of nanocomposites containing elemental noble metal clusters

Controlling the plasmonic behavior of noble metal clusters (nanoparticles), i.e. their SPR
position and intensity in nanocomposites is of immense importance for their practical
applications. Manipulation of the implantation variables (energy and dose) coupled with a
post-implantation annealing allows the fabrication of metal nanoclusters with the desired SPR
characteristics. Since the first report on ion implantation fabrication of such nanocomposites
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Metal Matrix Ionenergy Dose Post-implantation ~ References
(keV) (cm-2) annealin
Au Si0, 3000 6.0x1015 in air, 550-750, 1050  (Mohapatra et al.,
0C 2007)
Au Si0O, 60 2.0x1017 - (Takeda et al., 2006)
Au SiO, 2000 (0.7-6.0)x10%  in air & (N»+Hy), 300- (Oliver et al., 2002)
1100 °C, 1h
Au AlLL,Os; 400 6.8x1016 - (Ohkubo & Suzuki,
1988)
Au AlL,Os 160 1.0x10%7 - (Marques et al., 2004)
Au AlLOs 2000 (0.2-2.0)x10'7  in air, 978-1323 °C, 1h (lla et al., 1997)
Au AlLOs 1800 (0.1-1.0)x1018 1000 °C & 1200 °C, Th (Dhara et al., 2004)
Au AlLO; 60 2.0x10%7 - (Takeda et al., 2006)
Au TiO, 260 5.0x1016 - (Zhu et al., 2006)
Au TiO, 1800 8.5x1016 480 0C (Nakao et al., 2000)
Au c-TiO, 2000 6.0x1016 1002 °C (Wang, 2004; Wang et
al., 2005)
Au c-ZnO 300 8.0x1013- - (Kucheyev et al., 2003)
4.0x1016
Ag SiO, 35,1700, (3.0-7.0)x10%  in air, 500 °C, 1h (Joseph et al., 2007;
2400 Xiao et al., 2007)
Ag SiO; 10 5.0x1015 in Ar, 500-800 °C (Arai et al., 2006)
Ag SiO; 200 1.0x1015- - (Liu et al., 2005)
1.0x10%7
Ag SiO; 2000 (0.7-6.0)x10%6  in air & (N2+Hy), 300- (Oliver et al., 2002)
1100 °C, 1h
Ag AlLO;  25-30 (0.2-2.0)x10?7 (Steiner et al., 1998)
Ag ALOs; 1500 (0.2-2.0)x10'7  in air, 773 9C, 1h (lla et al., 1997)
Ag ALOs 1800 1.2x10%7 in air, 1100 °C, 2h (White et al., 1992,
1993)
Ag TiO, 65 3.0x1016- in air, 400 °C (Tsuji et al., 2002)
1.0x10%7
Ag ZnO 30,60 (0.3-1.0)x10%7 - (Zhou et al., 2011)
Ag ZnO 20,40 (3.0-7.0)x10t6 - (Xiao et al., 2010)
Ag ZnO 40 1.0x1016 - (Mendoza-Galvan et
al., 2006)
Cu 5i0; 2000 (0.7-6.0)x1016  in air & (N2+Hy), 300- (Oliver et al., 2002)
1100 °C, 1h
Cu Si0; 2000 6.0x1016 in vacuum, 600-800  (Pan et al., 2007)
0C, 1Th
Cu Si0O, 60 (0.5-2.0)x107 200 to 700°C for1h  (Xu et al., 2006)
per step with an
interval of 100 °C
Cu Si0, 60 1.0x1017 - (Bandourko et al., 2005)
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Metal Matrix Ionenergy Dose Post-implantation ~ References
(keV) (cm-2) annealing

Cu SiO, 2000 (1.0-2.2)x10'7  in air, 600-1050 °C, 1Th (Pal et al., 2000)

Cu AlLOs 110 1.0x1017 (Donnet et al., 1991)

Cu ALOs 160 (0.2-1.0)x10'7  in air, 673 °C, 1h (lla et al., 1997)

Cu AlLOs 40 1.0x1017 (Stepanov et al., 2001)

Cu ALOs 2100 1.0x10%7 in vacuum, 497997  (Ikeyama et al., 2001)

0C, 1h

Cu TiO, 20 5.0x1015 - (Wang et al., 2006)

Cu TiO, 60 1.0x1017 - (Takeda et al., 2005)

Cu TiO, 50 (0.3-1.0)x10'7 in air, 400 °C, XX (Tsuji et al., 2002)

Cu ZnO 160 (0.1&1.0)x1017 - (Kono et al., 2003;
Norton et al., 2003;
Stepanov et al., 2004)

Table 2. List of noble metal ions used to incorporate in common oxide matrices with
different implantation conditions and post implantation treatments.

by Davenas’ group in 1973 (Davenas et al., 1973), a vast effort has been devoted to their
controlled fabrication using different combinations of metal particles and matrices. As can
be seen from table 2, Au, Ag and Cu NPs have been incorporated into several dielectric
matrices with different implantation conditions and the conditions of subsequent annealing.

a 40 -
@) Surface 4 < [ (b) DOSE = 1.2 x 1017/c?
y é sk 4
é’ 20 .
w
£ 10 1
0
~4r(c T
S © DOSE = 6 x 10'6/cm?
§ 30+ 4
“8’ 20| B
w
E 1o B
] { t + t —t— +
0 5 10 15 20 25 30

PARTICLE DIAMETER (nm)

Fig. 5. Cross-sectional TEM micrographs showing colloidal Ag precipitates formed in fused
silica by the implantation of Ag (1.8 MeV, 6x10% cm2) ions at room temperature. Adapted
with permission from Ann. Rev. Mater. Sci. 24 (1994) 125-158 (Buchal et al., 1994).

Implantation of these metal ions of moderate energy (typically up to 200 keV) and low doses
(~10%6 cm2) generally produces metallic nanoclusters of homogeneous sizes, while a high
dose and a high temperature post implantation treatment produce nanoclusters of bigger
sizes with higher dispersion. However, both the size and the size dispersion of the formed
nanoclusters depend on the nature of implanted metal, their solubility and diffusion
behavior in the embedding matrix. While Ag nanoclusters of relatively uniform sizes and
narrow size distributions can be grown in silica matrix even for a high ion dose (Figure 5)
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without post-implantation thermal treatment, the same is not true for the Au and Cu
nanoclusters in silica matrix (Figure 6). As can be seen from Figure 6, Au nanoparticles
formed with similar implantation conditions and thermal treatments have a broad size

distribution.

Fig. 6. Cross-sectional bright field TEM images of Au implanted (190 keV, 3x1016 cm2) silica:
a) before and b) after 3h of thermal annealing at 900 °C, in air. Reproduced with permission
from Nucl. Instrum. Meth. B 191 (2002) 323-332 (Mattei, 2002).
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Fig. 7. Optical absorption spectra of 1.8 MeV Ag implanted fused silica at room temperature
prepared with different doses. Reproduced with permission from Ann. Rev. Mater. Sci. 24
(1994) 125-158 (Buchal et al., 1994).
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While a very low ion dose produces metal nanoclusters of extremely small sizes (typically
below 1.0 nm) that exhibit no SPR band in absorption spectra, on increasing the ion dose, the
clusters grow and the intensity of the SPR extinction band increases (Figure 7). On the other
hand, for a high energy of the implanted ions, the size of the formed metallic clusters can be
big enough to reveal an SPR peak in the absorption spectra of the composites (Figure 8B).
While a high energy implantation can place the metallic clusters at micrometer depth below
the irradiated surface, a higher implantation dose can extend the cluster distribution
towards the target surface (Figure 8A). Such a broadening of cluster distribution towards
lower depths is due to the interaction of the incident ions with the already formed metallic
clusters, which effectively reduces the projected range of the metal ions that impinge at a
later stage.
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Fig. 8. a) The depth profiles of Cu concentration in silica matrix prepared with 2.0 MeV Cu
ions of 9.95x1016, 1.25x1017, and 2.20x1017 ions cm-2 doses without post implantation
treatment, estimated through RBS analysis. The continuous lines show the TRIM simulated
results. Optical absorption spectra of the Cu implanted silica before (b) and after (c) thermal
annealing at 1050 °C. Adapted with permission from J. Non-Cryst. Sol. 275 (2000) 65-71 (Pal
et al., 2000).

Overall, incorporation of monometallic NPs in dielectric matrix through ion implantation
has had a good success so far. At the present time, researchers can fabricate specific noble
metal clusters of desired sizes and size distributions at precise depths inside most
common dielectric matrices by controlling the implantation dose, energy and the
conditions of post implantation treatment. However, from the application point of view
the success has been limited. Though the SPR position in a nanocomposite could be
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modified by varying the nature of implanted metal ions (e.g. the typical SPR position of
Au nanoclusters in SiO; is at about 540 nm, of Ag at about 420 nm, and of Cu at about 560
nm) and its intensity could be raised by increasing the implantation dose, it is not possible
to tune the position of the SPR peak for a wider spectral range using monometallic
nanoclusters. The fabricated monometallic plasmonic nanocomposites are suitable for the
fabrication of nonlinear optical switches, effective waveguides, optical sensors, and
devices covering a limited spectral range, but the limitation of spectral tunability of SPR
peak position makes them unsuitable for most biological applications, such as medical
diagnosis, immunoassay, and therapeutic treatments.

Therefore, researchers felt the need of fabricating plasmonic nanocomposites containing
bimetallic nanoclusters to vary the SPR position of the composites in between the SPR
positions of individual monometallic metal clusters, which we will discuss in the
following section.

3.3 Fabrication of nanocomposites containing alloy- and core-shell type bimetallic
clusters

Sequential ion implantation, where the ions of a particular metal are first implanted at a
certain depth of the matrix and then the second type of metal ions are implanted at similar
depths, has been utilized frequently to fabricate bimetallic nanocomposites. Depending on
the conditions of implantation, the nature of metallic species and dielectric matrix, the
process can lead to the formation of i) separated monometallic nanoclusters of individual
metals, ii) alloy clusters, and iii) core-shell type bimetallic clusters. Formation of each of
these clusters depends on their thermodynamic stability, and hence on the process of
post-implantation thermal treatments along with the annealing atmosphere. Although the
composition of alloy type clusters can be varied easily by sequential ion implantation of
two elements in a matrix by adjusting their energy and doses to have maximum overlap
between their implant-profiles and desired local relative concentrations, post implantation
thermal treatments can frequently lead to (promote) separation of a component specie
from the other or oxidation, instead of alloying. Formation of alloy type clusters also
depends on the miscibility of the component elements, their chemical interaction with the
matrix, and the creation of radiation induced defects, which influences the nucleation and
growth of the nanoclusters.

As the criterion of bulk miscibility for two elements is not very stringent in the case of
nanocrystals due to their high specific surface area (surface area/volume ratio) and
characteristics closer to that of a molecule than to those of a massive (bulk) system (Yasuda
& Mori, 1994), alloy type nanoclusters of several metal pairs like Au-Cu, Au-Ag, Pd-Ag, and
Pd-Cu, have been successfully fabricated (Gonella et al., 1999; Battaglin et al., 2000, 2001a)
through sequential ion implantation. The SPR position in such noble metal alloy clusters
remains in between those of pure elements, depending on the complex interplay between
the modified free electrons and interband absorptions. As can be seen from Figure 9, the
measured absorption spectra of pure Au, Ag and Augs4Agos alloy clusters of about 3 nm size
in silica matrix reported by Mattei and co-workers (Mattei, 2002) agree well with the
simulated extinction spectra of the NPs of similar compositions reported by Kreibig &
Vollmer (Kreibig & Vollmer, 1995).
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Fig. 9. Comparison between Mie-theory based calculated extinction spectra of 3 nm clusters
of Au, Ag, and Auo4Agps alloy in silica (9a) with the experimental absorption spectra of
similar clusters prepared by ion implantation (9b). The notations “A” and “H” at the end of
sample names indicate the samples were annealed in air and hydrogen atmosphere,
respectively. Reproduced with permission from Nucl. Instrum. Meth. B 191 (2002) 323-

332 (Mattei, 2002).

Using sequential implantation technique, Mazzoldi and collaborators were able to fabricate
alloy nanoclusters of different compositions in fused silica glass at room temperature using
190 keV gold and 90 keV Cu ions (Gonella et al., 1999). The alloy clusters of compositions
close to their nominal values were formed in the silica matrix even without any post-
implantation thermal treatment (Figure 10). However, Cu migrates towards the particle
surface during thermal treatment and a structural reordering of the alloy occurs. The effect
was more prominent when the implanted samples were annealed in air, and Cu migrated to
the surface gets oxidized, causing a phase separation (Au core and Cu,O shell). A complete
separation of Cu from the alloy cluster and formation of CuO shell around the Au core
could be obtained after 5 h of thermal annealing in air (Battaglin et al., 2001b). The process
could be reversed by annealing the sample again in a reducing atmosphere. It must be noted
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that for the thermal treatment of metal ion implanted composites we frequently use the
value of the bulk melting point temperature, even though this quantity is substantially
lower for a metallic cluster (either elemental or bimetallic), due to thermodynamic size
effect (Buffat & Borel, 1976). Thermal annealing of a sequentially implanted sample helps to
migrate one component elemental species towards the small clusters of the other element
through diffusion, enhancing their size and improving their stoichiometry. In fact, the
probability of formation of homogeneous alloy clusters in sequential implantation process
strongly depends on the solubility of the second elemental specie in the nanoclusters of the
first element. To increase the solubility and helping the structural rearrangement of metal
ions, sometimes it is useful to perform the implantation of the second element at elevated
target (substrate) temperatures.
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Fig. 10. (a) Optical absorption spectra of AuzCus (as-implanted), AusCusH, and AusCuzA
(annealed at 900 °C for 1h in Ho-Ar and air, respectively) samples. The bright-field TEM planer

views of the corresponding samples are presented as (b), (c), and (d), respectively, at right.
Reproduced with permission from Appl. Phys. Lett. 75 (1999) 55-57 (Gonella et al., 1999).

Utilizing the above mentioned strategy, Kluth and coworkers (Kluth et al., 2006) could
fabricate core-shell type Co-Au nanoclusters of about 53 nm diameter in SiO; matrix.
Utilization of elevated target temperature (400 °C in the present case) during second metal
(Co in this work) implantation helped to avoid the post-implanted thermal annealing
process for the formation of bimetallic clusters. However, for the formation of Au clusters of
uniform size before Co implantation, they used a thermal annealing treatment of the Au
implanted sample at 1000 °C for one hour, in air. We can see the formation of uniform
nanoparticles with Co core and Au shell (Figure 11) in their samples. As has been mentioned
earlier, the formation of core-shell type bimetallic clusters depends strongly on the
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segregation of the component metals controlled by the minimization of surface free energy,
resulting a phase separation as has been demonstrated theoretically for Co-Au (Johannessen

et al., 2005), Au-Pt (Esparza et al., 2005), Au-Pd (Liu et al., 2005, 2006), Au-Cu (Ascencio et al.,
2006) and many other systems.
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Fig. 11. Cross-sectional TEM images and size distribution of Co-Au nanoclusters as well as
monometallic nanoclusters formed by sequential implantation. The high resolution TEM
image of the core-shell cluster reveals a significant bending of the lattice fringes due to

interfacial strain (lattice mismatch). Reproduced with permission from Appl. Phys. Lett. 89
(2006) 153118 (Kluth et al., 2006).

Formation of Au-Ag core-shell nanoclusters in silica matrix through sequential implantation
and subsequent thermal annealing (in air) has been demonstrated by Pefia and
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coworkers (Pefa et al., 2009). Considering the miscibility and segregation behavior of the
two metals, they first implanted 1.8 MeV Ag* ions at a 5.0x1016 ions cm2 dose (fluence) to
place most of them at about 1.0 pm depth below the target surface (Figure 12). Then, the Au*
ions of higher energy (3.7 MeV) were implanted at a relative higher dose (6.7x101¢ ion cm-2)
to place them at greater depth (about 1.1 pm) keeping a good portion of the implantation
profiles overlapped. However, it has been observed that during the implantation of Au, pre-
implanted Ag segregates towards the sample surface (distribution maximum moves to
~0.87 pm depth). On thermal annealing at 900 °C for 1h in air, the co-implanted samples
produced core-shell type bimetallic nanoclusters with Au core and Ag shell. The formation
of both the monometallic nanoclusters (embedded in silica matrix) before thermal treatment
and bimetallic nanoclusters (after thermal treatment) could be verified through the
experimental optical absorption spectra in comparison with the Mie theory based simulated
spectra of similar structures (Figure 13).
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Fig. 12. Depth profiles of Au and Ag distribution for the silica samples sequentially
implanted with Ag (1.8 MeV) and Au (3.5 MeV) ions, obtained from the fitting of the
corresponding RBS spectra. Reproduced with permission from J. Phys. Chem. C 113 (2009)
2296-2300 (Pefia et al., 2009).

Though it was not possible to differentiate the core and shell regions from their HRTEM
images, due to very similar lattice parameters of Au and Ag (4.078 A for Au, JCPDS 4-0784;
4077 A for Ag, JCPDS 87-0720), the formation of core-shell structures could be
demonstrated using high angle annular dark field (DAADF) images of the nanoclusters
(Figure 14).
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Fig. 13. Experimental optical extinction spectra for the samples implanted with 5x1016 ions
cm?2 of Ag at 1.8 MeV and coimplanted with different fluences of Au at 3.5 MeV, before and
after thermal annealing in air (a), and simulated (Mie theory) extinction spectra for some
possible configurations in silica matrix (b). Au-Ag represents Au core-Ag shell, whereas Ag-
Au means the opposite. Reproduced with permission from J. Phys. Chem. C 113 (2009) 2296-
2300 (Pefia et al., 2009).

Indeed, the ion implantation process can produce both, alloy and core-shell type bimetallic
nanoclusters in silica and other dielectric matrices by adequate manipulation of implantation
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parameters and proper post-implantation treatments. However, apart from producing
monometallic and bimetallic nanoclusters of common types, ion implantation can produce
several special metallic structures and aggregates, which we will discuss in the next section.

8 10 12 14 Fae
d (nm)

Fig. 14. Typical HAADF micrograph of the sample co-implanted with 5x10¢ ions cm2 of Ag
(1.8 MeV) and 5x10%6 ions cm2 of Au (3.5 MeV) after thermal annealing at 900 °C (a) along
with the intensity profiles for the selected particle (b) and (c). Typical HRTEM micrograph
of a core-shell structure of about 12 nm diameter and the fast Fourier transforms (FFTs) of

core (e) and shell (f) regions. Adapted with permission from J. Phys. Chem. C 113 (2009)
2296-2300 (Pefia et al., 2009).

3.4 Fabrication of nanocomposites containing unusual metallic nanostructures

The anisotropic plastic deformation process of amorphous materials under MeV ion
irradiation has been reported by Klaumiinzer and Schumacher as early as 1983 (Klaumiinzer
& Schumacher, 1983). The process can be understood by means of a visco-elastic model, in
which the thermal expansion of the cylindrically-shaped high temperature ion track region
causes shear stresses that relax by viscous flow, with the viscous strains subsequently frozen
in upon rapid cooling of the ion track region (Trinkaus & Ryazanov, 1995; van Dillen et al.,
2005). The deformation is induced by the electron energy loss, and thus occurs mostly with
ions in the MeV energy range.
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Fig. 15. Bright-field TEM cross-sectional micrographs of the AuCuH (annealed in H> (4.0%)-N>
atmosphere at 900 0C, 1h) before (a), after a thermal annealing in air at 900 °C for 15 min (b)
and after irradiation at room temperature with 190 keV Ne ions, at a dose of 1.0x1017 ions cm-2
(c). Adapted with permission from J. Non-Cryst. Sol. 322 (2003) 17-21 (Mattei ef al., 2003a).
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Utilizing the above mentioned concept, ion implantation technique has been utilized for the
fabrication of several unusual nanostructures either inside dielectric matrices or in other
dielectric-metal combinations with distinct plasmonic behaviors. Though all of these
nanostructures do not fall into the class of commonly known nanocomposites (where
nanoparticles of one material are embedded/dispersed into another matrix material), as
they are in combination with at least one material apart from the metal in question, we can
call them as composite nanostructures. For example, Mattei and co-workers (Mattei et al.,
2003a, 2005) could disintegrate alloy clusters like Au-Cu and Au-Ag embedded in silica
matrix by high energy Ne, He and Kr ions to form Au-rich satellite clusters around the
initial bimetallic clusters (Figures 15 & 16).

While the optical absorption spectrum of the co-implanted (190 keV Au and 90 keV Cu,
3.0x1016 ions cm?) AuCu sample after annealing in inert atmosphere revealed SPR peak of
AuCu alloy particles (550 nm, curve (a) of the Figure 15), after irradiation of 190 keV Ne ions
(1.0x1017 ions cm-2) the SPR peak shifts to 575 nm, which correspond to the SPR band of the
main particle along with the satellite ones (aggregate). Similar phenomenon occurred for the
AuAg nanoclusters embedded in silica matrix. It has been observed that in both cases,
mainly the Au segregates out of the main bimetallic cluster to form Au-rich satellite clusters
of smaller sizes. The size of the satellite clusters depends on the atomic mass of the
irradiating ions. Higher atomic mass of the irradiating ions produces satellite clusters of
bigger sizes (Figure 16). However, the phenomenon of disintegration of the preformed noble
metal clusters in dielectric matrix occurs when the atomic mass of the irradiating ions is
lower than the atomic mass of the embedded metal nanoclusters. The process was
tentatively related to the nuclear component of the energy released to the system during
irradiation with different ions.
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Fig. 16. Bright-field TEM cross-sectional micrographs of the sample AuAgA (annealed in air
atmosphere at 800 0C, 1h) before (a) and after irradiation at room temperature with 380 keV
Kr ions at a dose of 2.0x101¢ ions cm2 (b) (Mattei et al., 2003a). Adapted with permission
from J. Non-Cryst. Sol. 322 (2003) 17-21 (Mattei et al., 2003a).

On the other hand, irradiation by high energy ions of higher atomic mass (with respect to
the implanted metals in a dielectric matrix) generates very different phenomena. Generally,
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when an embedded metallic nanocluster is irradiated by heavier ions of higher energy (in
comparison to the energy of implantation of the metal clusters), the preformed nanocluster
can grow in bigger size or get deformed. For the low dose/fluence of irradiation, the
preformed metallic nanoclusters grow in size maintaining their initial shape. However, an
increased dose of irradiation generates deformation of the nanoclusters. In fact, several
researchers have reported this deformation process for the noble metal nanoclusters
embedded in amorphous dielectric matrices. While D’Orléans and co-workers (D’Orléans et
al., 2003) could observe this effect for the preformed Co nanoclusters embedded in silica
matrix upon irradiating them by 200 MeV 1271 ions, Awazu and co-workers (Awazu et al.,
2009) could observe this effect for the pre-implanted gold and silver nanoclusters embedded
in silica matrix (Figure 17).
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Fig. 17. Cross-sectional TEM image of Au (left) and Ag (right) nanoparticles embedded in
SiO, before and after irradiation with 110 MeV Brl0+ ions at different doses. The Ag
nanoparticles were irradiated with 1.0x104 ions cm2 dose. Adapted with permission from
Nucl. Instrum. Meth. B 267 (2009) 941-943 (Awazu et al., 2009).

Ag and Au nanoclusters could also be deformed on irradiating them by high energy Si ions to
form elongated or rod shaped aligned nanoclusters in silica matrix (Rodriguez-Iglesias ef al.,
2010a; b). As we can see from Figure 18, the elongated nanoclusters are well aligned, and
generate SPR absorption bands corresponding to longitudinal and transversal vibrational
modes of prolate nanoclusters on oblique incidence. Indeed, the metallic clusters get deformed
upon irradiation of high energy heavy ions along the direction of incident ions; i.e. they get
elongated in this direction. On the contrary, the deformation or expansion of nonmetallic or
dielectric clusters occurs in the perpendicular direction of the irradiating ion beams.
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Fig. 18. Experimental optical extinction spectra of elongated Au nanoclusters (a)-(c),
measured for the light incident at (d) 90°, and (e) 29° and polarization angles varying
between 0° (p-polarized) and 90° (s-polarized). Corresponding simulated spectra (Mie
theory) are presented in (f), and (g), respectively. All the spectra were normalized to 1 at the
450 nm wavelength for better visualization. Adapted with permission from J. Phys. Chem. C
114 (2010) 746-751 (Rodriguez-Iglesias et al., 2010b).
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Fig. 19. Scanning electron microscopy images of (a) silica colloid (1.0 um diameter) before (left)
and after (right) 16 MeV Au irradiation (1.1x1015 ions cm-2); (b) silica-Au core-shell colloid
(dsio2 =438 nm, tay = 46 nm); (c) same as (b), after 30 MeV Cu irradiation (5.0x104 ions cm2);
(d) silica-Au-silica core-shell-shell colloid (dsjo2 = 300 nm, ta, = 25 nm, tsio> = 133 nm) after 6
MeV Au irradiation (6.5x1014 ions cm2). Scale bars represent 500 nm. Reproduced with
permission from Nucl. Instrum. Meth. B 242 (2006) 523-529 (Penninkhof et al., 2006).
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Utilizing this deformation behavior of metal and dielectric nanoparticles, Pennikhof and co-
workers (Penninkhof ef al., 2006) could produce colloidal prolate core-shell type Au-SiO»
and reverse nanoparticles as big as 1 pm in size (Figure 19) by irradiating high energy Au or
Cu ions. As the ion irradiation induced deformation is more prominent for a dielectric like
SiO; than a metal like Au, the extent of deformation of the SiO,-core Au-shell particles is not
as drastic as of Au-core SiOshell particles. In fact, the presence of a thin layer (shell) of
metal imposes a mechanical constrain on the deforming silica core, reducing the net
deformation compared to that of pure silica (Penninkhof et al., 2006).

Optical characteristics of all the above plasmonic structures, which we defined as ‘special
structures” are quite different from that of conventional nanocomposites where the shape of
incorporated/embedded noble metal nanoclusters remains in its most stable or spherical
form. As the technological application of plasmon-based nanocomposites remains on the
ability of manipulating their optical behavior, which is possible mainly by controlling the
size, shape and other geometrical parameters, rather than just changing their composition.
Ion implantation technique has demonstrated its great potential for their fabrication and
manipulations.

4. Prospects of ion-implantation for the fabrication of plasmonic
nanocomposites

Significant advances have been made in the last few decades on the fabrication of noble
metal plasmonic nanocomposites through ion implantation. By controlling the implantation
parameters and post implantation annealing, noble metal nanocomposites with embedded
elemental, alloy and core-shell type NPs could be produced with moderate control over the
NP size, size distribution, composition and location in the matrix. The significant advantage
of ion implantation technique is that the treated surface is an integral part of the sample and
consequently does not suffer from possible adhesion problems associated with coatings.
Therefore, the implanted structures remain as the integral parts of an optical device. The
moderate heating associated with the process virtually eliminates any risks of distortion or
oxidation effects. On the other hand, ion implantation produces no macroscopic change in
the workpiece. From the point of view of applications, though several plasmonic
nanocomposites with embedded noble metal clusters of tailored compositions and even of
core-shell geometries could be fabricated extending their SPR peak position to a broader
spectral range (in comparison with monometallic nanocomposites), tuning the relative
thickness of the core and shell layer has not been sufficiently demonstrated. As has been
shown recently (Pefia-Rodriguez & Pal, 2010, 2011a; b; Pefia-Rodriguez et al., 2011a; b),
application potential of plasmonic nanostructures depends on their enhanced SPR
extinction, along with a precise control over its peak position. For this purpose, it is possible
that in the near future we will need to fabricate multi-layer metallic nanoclusters with
precise control over the thickness of each layer. Though the modern ion implanters are
capable of introducing virtually any element in a solid matrix with a wide variation of
energy and implantation dose, there has been no attempt to fabricate nanocomposites with
trimetallic nanoclusters incorporated into dielectric matrix. On the other hand, fewer efforts
have been devoted to control the shell-thickness in a core-shell type nanocluster or the
fabrication of multilayer metallic nanoclusters. However, very recently this technique has
been utilized for the fabrication of unusual composite nanostructures with distinct
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plasmonic behaviors, which are highly attractive for several applications from optical
sensing to biological treatments. Considering the current interest on plasmonic
nanostructures and nanocomposites and the demonstrated potential of available commercial
ion implanters, utilization of this technique for fabricating new exotic nanostructures in the
near future is very much expected.
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1. Introduction

We present two examples for annealing effects on the implanted ions in substrates: (1) Se in
SiO; and (2) Au in MgO. For the first system, Se in SiO,, we analyze the absorption edges for
selenium quantum dots for samples with several doses and annealed at different
temperatures. From the absorption edge data, we discuss the formation of Se particles. For
the second system, Au in MgO, we have seen the change in surface plasmon resonance
(SPR) energy by annealing in different atmospheres from reducing to oxidizing or vice-
versa. In this system, we discuss the role of substrate interacting with the implanted ions.

2. Temperature dependence and annealing effects of absorption edges for
selenium quantum dots formed in silica glass

We have fabricated Se nanoparticles in silica substrates by ion implantation followed by
thermal annealing up to 1000°C, and studied the Se nanoparticle formation by optical
absorption spectroscopy, Rutherford backscattering spectrometry, X-ray diffraction, and
transmission electron microscopy. The sample with the highest dose (1x1017 ions/cm?)
showed the naonparticle formation during the ion implantation, while the lower dose
samples (1 and 3x1016 ions/cm?) required thermal treatment to obtain nano-sized particles.
The Se nanoparticles in silica were found to be amorphous. After thermal annealing, the
particle sizes became larger than the exciton Bohr radius for bulk Se. Thus, the absorption
edges for different doses approached the value of bulk after thermal annealing. The
temperature dependent absorption spectra were also measured for this system in a
temperature range from 15 to 300 K.

2.1 Overview of selenium

Selenium is a semiconductor that has been extensively studied in the past because of the
applications in photovoltaic cells, rectifiers, xerography, and so on. Solid selenium is known
to occur as four major allotropes: an amorphous, trigonal, and two monoclinic phases
(Murphy et al., 1977). In the solid and liquid states, selenium exists in two kinds of unit
structures: rings and chains. The monoclinic allotropes are composed of eight-membered

* Corresponding Author
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rings in two different stacking patterns, while the trigonal selenium is composed of helical
chains. The glassy selenium consists of a mixture of rings and polymeric chains. For the
trigonal phase, bulk selenium has the band gap of 1.7-2.2 eV, while monoclinic phase has the
band gap of 2.4-2.6 eV (Pankove, 1971). However, the values are varied in the literature and
they are not yet well determined. It is also known that the temperature effect on the band
gap of bulk selenium is relatively high ([AE;/AT]p = -1.4x10-3 eV/K), compared with the
other semiconductors (-2~7x10-4 eV /K).

Recently, quantum size effects on the optical properties on semiconductor nano-sized
particles have been observed. The third-order optical susceptibility for small semiconductor
crystallites is found to be very large (Hanamura, E. 1988). The nano-sized selenium quantum
dots are expected to exhibit changes in electronic and vibrational characteristics due to the
quantum size effects. The band gap is generally expected to be blue shifted from bulk value
as the particle size decreases (Brus, L.E. ,1982).

2.2 Experimental method

Selenium ions were implanted into fused silica substrates (Corning 7940) at an energy of 330
keV with doses of 1, 3, 6, and 10 x 1016 ions/cm?2. The samples were annealed at 600, 800, and
1000°C for 1 h in a 5%H> + 95%Ar atmosphere in a tube furnace. The optical absorption
spectra were measured from 185 to 2500 nm with a dual beam spectrophotometer (Hitachi
U-3501) before and after annealing. Reflectance spectra were measured using a refractive
index matching fluid with the incident angle of 5c. For temperature dependent
measurements in the range of 15-300 K, we used a helium closed cycle type cryostat
(Leybold, RGD 210) fitted with silica windows. The spectra were collected at 25 K intervals,
which were monitored with a temperature controller (Lakeshore, 320 Autotuning). The
errors due to the fluctuation in temperatures can be on the order of +5 K. The depth profiles
of the implanted layer were determined by Rutherford backscattering spectrometry (RBS)
using 2.2 MeV He?* jons. X-ray diffraction (XRD) and transmission electron microscopy
(TEM) measurements were conducted to find the crystal structure and size of the Se
quantum dots in silica glass.

2.3 Experimental results

The depth profiles of Se in fused silica measured by RBS are shown in Fig. 1. The shape of
the ion concentration distribution is approximately Gaussian with a peak concentration
located at 0.2 um below the surface with a full width at half maximum of about 0.2 pm.

Fig.2(a) shows the transmission spectra of the as-implanted samples with four different Se
doses, which were measured at RT. In the UV region, there are two absorption bands at
~250 nm and ~350 nm. The band at 350 nm can be clearly observed for 3 and 6 x 1016
ions/cm2. The optical absorption edge changes for each dose. Fig. 2(b) shows the
transmission spectra of the samples annealed at 1000°C in a reducing atmosphere for 1 h,
which were also measured at RT. The intensity of the band at ~350 nm is no longer resolved.
On the other hand, the band at ~250 nm became stronger for the samples of 3, 6, 10 x 1016
ions/cm2. After annealing the samples, X-ray diffraction measurements were carried out
and demonstrated that the nanoparticles were in an amorphous phase. (The X-ray
diffraction spectrum is not shown here.)
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Fig. 1. The depth profile of Se ions in silica by RBS. (Ueda et al., 2007)
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Fig. 2. Transmission spectra of Se/SiO; (a) as-implanted samples and (b) after annealing at

1000°C for 1 h.

Fig. 3 shows the transmission spectra of the samples with a dose of 1 x 1017 jons/cm?
annealed at 600, 800, 1000°C in a reducing atmosphere for 1 h and the as-implanted sample
measured at RT. According to these data, it is observed that the absorption edge is near 600
nm (~2 eV). (Ueda et al., 2007)

For the samples with a dose of 1x10'7 ions/cm? annealed at 800 and 1000°C, the low-
temperature absorption measurements were carried out between 15 K and 325 K, as shown
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in Fig. 4. We repeated these measurements three times for each sample and the statistical
uncertainty can be on the order of +0.05 eV for the absorption edge. However, the trend is
clear for the temperature effects and annealing temperature dependence of absorption edge.
The sample annealed at 1000°C has the lowest absorption edge at each temperature as
compared to the other annealing. As the temperature approaches 0 K, the traces become flat.
The coefficient of temperature effects at 300 K for every trace is on the order of ~10x10-4
eV/K (10.8, 12.4, 9.0x104 eV/K for as-implanted, annealed at 800°C, and 1000°C,
respectively), which is similar to literature values of bulk Se (-14 x 104 eV/K) (Pankove,
1971).
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Fig. 3. Transmission spectra of the samples with a dose of 1x1017 ions/cm?. (Ueda et al.,
2007)

Transmission electron micrographs have been taken for the samples with a dose of 1x1017
ions/cm?. Fig.5 (a), (b), and (c) show nanocrystal formation in samples annealed at 600°C,
800°C, and 1000°C, respectively. The micrographs indicate that the size of the Se
nanoparticles at the peak of Se concentration distribution is about 10 nm for every sample.
However, there exist smaller sized particles (£ 3 nm) in the samples annealed at lower
temperatures, which indicates that annealing of samples at higher temperature causes the
increase of particle sizes, while smaller particles played a role as a material source (Ostwald
Ripening).
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Fig. 4. Temperature dependence of absorption edge measured in the range of 15-325 K.
(Ueda et al., 2007)

(a) Annealed at 600°C (b) Annealed at 800°C (c) Annealed at 1000°C

Fig. 5. High-resolution TEM micrographs of Se nanocrystals in SiO, annealed at (a)600°C,
(b)800°C, and (c)1000°C. (Ueda et al., 2007)
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2.4 Discussions

Considerable work has been published on the optical absorption in amorphous
semiconductors, however its interpretation is not straightforward. As is well known,
amorphous semiconductors do not have a sharp band gap unlike that for crystalline
semiconductors. In amorphous materials, there exist some states smeared into the band gap
of corresponding crystalline semiconductors. Most of the experimental data on amorphous
semiconductors in the strong absorption region were found to be in agreement with the so-
called Tauc law (Nagels et al., 1995; Tauc, 1972):

ahv = C(hv — Eg)2 1)

where hv is the photon energy, E,. is the optical band gap, C is a constant. For the thin Se
films, Nagels et al. (Nagels et al., 1995) used the transmission spectrum of the sample
together with the reflectance spectrum for a single surface of the sample to determine the
band edge. For our samples, Se is an implanted layer in the glass and not a film, however,
we utilized Nagels’ formalism as the first approximation for band edge determination. By
inverting the following relationship among the transmittance, the reflectance, and the
absorption coefficient, we can obtain the absorption coefficient o

_ (1=R)?exp(-ad) @)
" 1 - R2exp(—2ad)

where T is the transmittance, R is the reflectance for a single surface, and d is the sample
thickness. Since T and R are functions of wavelength, « is also a function of wavelength.
Inserting « into the Tauc equation and taking the square root, we plotted (adhv)'/? versus
hv. A linear fitting was carried out for the linear segment corresponding to the absorption
edge. Then the intersection of the extrapolated line with the photon energy axis (a = 0) gives
us the optical band gap Eg.

Fig. 6(a) shows the Tauc plots of the spectra of Fig. 2(a) for the as-implanted samples. The
samples with doses of 6 and 10x10%6 ions/cm? have relatively long linear segments, allowing
for extrapolation of the linear part. We obtained E; = 2.29 eV and 2.12 eV for 6 and 10x1016
ions/cm?, respectively. For the 3x1016 ions/cm? sample, the linear segment is shorter,
leading to more uncertainty in the band edge, however, an approximate value of 3.11 eV
was obtained. For 1x101¢ ions/cm?, it is difficult to find the linear part probably because the
implanted ion dose is not sufficient to form nanoparticles yet. Hence, it does not follow the
Tauc Law. In this sample, the implanted ions are expected to be in the form of isolated ions
or small clusters. Fig. 6(b), (c), and (d) show the Tauc plots of the spectra for the samples
annealed at 600, 800, and 1000°C, respectively. In Fig. 6(d), every spectrum has a linear part
corresponding to the absorption edge, indicating that these spectra follow Tauc’s law. The
extrapolated lines cross the photon energy axis (o = 0) around one point: For 1, 3, 6, and 10 x
1016 jons/cm?, the values of Eg are 1.83, 1.70, 1.77, and 1.75 eV, respectively. In Figs. 6(b) and
(c), it is apparent that the onset of absorption edge shifts to larger values for the lower ion
doses (1, 3, 6, and 10 x 1016 ions/cm?).

According to the Tauc analysis for the samples of 10x10%¢ jons/cm?, the absorption edges are
1.75, 1.81, 1.82, and 2.12 eV for the samples annealed at 1000°C, 800°C, 600°C, and as-
implanted, respectively. Although these absorption edges are similar to each other, the
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sample annealed at higher temperature has a lower energy gap. These results indicate that
for the highest dose samples (1x1017 ions/cm?) the sizes of nanoparticles become sufficiently
large to be greater than the exciton Bohr radius of bulk Se even during the ion implantation.
Since the melting and boiling points of Se are relatively low (T = 217°C and Ty, = 685°C) and
ion implantation can cause a temperature increase in the substrate, this temperature increase
may lead to the formation of large nanoparticles.
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Fig. 6. Absorption edges of Se nanoparticles in silica by Tauc Analysis. (a) as-implanted, (b)
annealed at 600°C, (c) annealed at 800°C, and (d) annealed at 1000°C. (Ueda et al., 2007)

Such colloid formation during ion implantation has been reported previously for Ga
implanted in glass (Hole et al., 1995). For the lower dose samples (1 and 3 x 1016 ions/cm?2),
however, according to the results shown in Figs.6(a)-(d), the temperature rise during the

implantation is not sufficient to form the final “ripened” size of nanoparticles that was
obtained by annealing at 1000°C.

The summary of the annealing temperature dependence on the optical absorption edges for
each dose is given in Fig.7. There is no data point of as-implanted for the dose of 1 x 1016
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ions/cm2. As we can see the trend in Fig.7, we may control the size of Se particles by
annealing low dose samples (1 x 106 ions/cm?) at relatively low temperature between 2000C
and 800°C for a certain time.
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Fig. 7. The summary of Tauc Analysis; the optical absorption edges are given as functions of
annealing temperature with annealing time of 1 hour. (Ueda et al., 2007)

The TEM observation is consistent with the results of the absorption edges, because the
absorption edge for all samples annealed at 1000°C is similar and the size of the particles
should reflect the absorption edge, as mentioned before (Brus ,1982). However, according to
the estimation by Huber (Huber & Huber, 1988), who impregnated porous Vycor Glass with
Se to investigate the quantum confinement effects of Se, the exciton Bohr radius in bulk Se is
6.8 A and the confinement energy is 0.011 eV for the cylindrical confinement of 50 A in
diameter. For 10 nm sized nanoparticles, the exciton radius is too small to experience
quantum confinement and the energy shift corresponds to ~0.003 eV according to Brus’
theory (Brus,1982), which can be neglected for absorption edge. The value of the Bohr
radius, however, may not be reliable because the values of electron effective mass for Se
have not been established yet in the literature. If the exciton Bohr radius is relatively larger
than 6.8 A, the smaller nanoparticles can contribute to shifting the absorption edge.

For the lower dose samples, however, the annealing treatment strongly affects the
absorption edges because the nanoparticle formation requires more time or a higher
temperature to reach the final size distribution. Since the annealing time was fixed at 1 h, the
annealing temperature mainly controlled the sizes of the particles in this study.

2.5 Conclusions for this section

We have fabricated Se nanoparticles in silica substrates by ion implantation followed by
thermal annealing. The Se nanoparticles are found to be amorphous. The sample with the
highest dose (1x1017 ions/cm?) showed the naonparticle formation even during ion
implantation, while the lower dose samples (1 and 3x10¢ ions/cm?) did not. After thermal
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annealing of the samples, the Se particle sizes become larger than the exciton Bohr radius for
bulk Se. Thus, the absorption edges for different doses approached a common bulk value
after thermal annealing. The TEM measurements for lower dose samples annealed at several
temperatures will clarify the evolution of the nanoparticles. The temperature dependent
spectra were also measured in a temperature range from 15 to 325 K. The value of [AE,/
AT] p is on the same order as the one for bulk. For the lower dose samples, the annealing
treatment strongly affects the absorption edges. Since the annealing time was fixed at 1 h,
the annealing temperature mainly controlled the sizes of the particles in this study. As we
can see the trend in Fig.7, we may control the size of Se particles by annealing low dose
samples (1 x 106 jons/cm?) at relatively low temperatures between 200°C and 800°C for a
certain time.

3. Annealing effects on the surface plasmon of MgO implanted with gold

Gold ion implantation was carried out with the energy of 1.1 MeV into (100) oriented MgO
single crystal. Implanted doses were 1, 3, 6, and 10 x 1026 jons/cm2 The gold ion irradiation
resulted in the formation of gold ion implanted layer with a thickness of 0.4 um and defect
formation. In order to form gold colloids from the as-implanted samples, we annealed the gold
implanted MgO samples in three different kinds of atmospheres: (1)Ar only, (2)H; and Ar, and
(3)O; and Ar. The annealing over 1200°C enhanced the gold colloid formation which shows
surface plasmon resonance band of gold. The surface plasmon bands of samples annealed in
three kinds of atmospheres were found to be at 535 nm (Ar only), 524 nm (H>+Ar), and 560
nm (Ox+Ar). The band positions of surface plasmon can be reversibly changed by an
additional annealing. Fe3* impurities in MgO samples are utilized to monitor the degree of
reduction of the samples due to annealing. From the absorption measurements of Fe3* band,
the diffusion constants of oxygen vacancies (F-centers) was obtained. We found that the shifts
of the surface plasmon bands are correlated to the oxygen vacancy concentration and that Fp-
center (aggregates of F-centers) is responsible for the shifting. According to the experimental
results, we propose a model to explain the shift of surface plasmon band.

3.1 Overview of the surface plasmon resonance for small metal particles

In recent years, optical nonlinearity of small metal particles in dielectric materials has been
paid much attention because of the possibility of the fast nonlinear response. The decreasing of
materials to nanometer size often leads to significant changes in optical, structural, and
thermodynamic properties. The appearance of the surface plasmon (SP) resonance for metal
colloid reduced to the nanometer scale is one example of how the optical properties of metals
change when they are reduced in size. To form nanometer sized metal particles, we used ion
implantation methods (White, 1989). Metal colloid doped glasses, for example, show high
optical nonlinearity, and are attractive candidates for utilization in optical devices (Fukumi,
1994; Haglund, 1992). The enhancement of the third order optical susceptibility depends on
the intensity and frequency of the SP resonance of the metal colloids. According to Mie's
scattering theory and the effective medium theory (Perenboom, 1981), we can predict the SP
resonance frequency osp if we know the dielectric functions of the metal colloid £(w) and the
host material &,. As a first-order approximation, the following equation gives us the SP
resonance frequency wsp (Perenboom, 1981; Kreibig & Vollmer, 1995):
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e(wsp) + 26, =0 ©)

We have previously reported on the SP resonance of gold nanoparticles in several
substrates: ALO3 (sapphire), CaF,, and Muscovite mica (Henderson et al., 1995, 1996). MgO
is also a material widely used in optics, such as windows and coatings. Although many of
the alkaline earth oxides are hygroscopic and thus not widely used in optical systems, MgO
is relatively insoluble, hard, and durable. Moreover, MgO is a good transparent material in
the range between 300 nm and 7000 nm, and the optical absorption edge has been measured
to be about 7.8 eV (160 nm) (Briggs, 1975). Transition metals, for example Fe3*, are common
multivalent impurities in MgO with order of 50 ppm. Absorption bands due to Fe3* are
found at 210 and 285 nm in MgO (Briggs, 1975). It has reported that the bands around 250
nm are related to F-center (248 nm) and F*-center (252 nm), whose absorption bands overlap
each other at room temperature (RT). F-center is defined as an oxygen vacancy with two
trapped electrons, while F*-center is defined as an oxygen vacancy with one electron. They
can be created, for example, by neutron- and electron-irradiation or Mg-vapor-deposition at
high temperature, which is so called additively colored crystal (Chen et al., 1969a, 1969b,
1967). The bands caused by neutron- and electron-irradiation can be annealed out at 600°C,
while these bands generated by Mg-vapor-deposition could not be annealed out until the
annealing temperature reaches the region of 1000-1200°C. The reason for this is as follows: in
the sample, excessive Mg2?* ions are introduced from Mg vapor at 1800°C and then the Mg
ions migrate into the MgO bulk to cause oxygen ion vacancies because of excessive Mg ions.
In this case there exist no interstitial oxygen ions in the system, while neutron- or electron-
irradiated samples have interstitial oxygen ions to re-combine to oxygen vacancies. The
oxygen interstitials are mobile even below 600°C, while oxygen ion vacancies are immobile
below 900°C (Chen et al., 1969a, 1969b, 1967). In this paper, we mainly report on how the
annealing atmosphere affects to the SP resonance.

3.2 Experimental methods

MgO single crystal (15x15x0.5 mm?3) oriented (100) were obtained from two venders
(Harrick Scientific and Commercial Crystal Laboratories). The major impurities are Fe3+ of
~100 ppm and Al3* of ~40 ppm. The samples are implanted with 1.1 MeV gold 197Au* with
doses of 1, 3, 6, and 10x1016 Au ions/cm? at RT. The depth profile of gold concentration was
measured by Rutherford Backscattering Spectrometry (RBS), using 2.4 MeV o particles.
Thermal annealing was carried out with a tube furnace at temperatures between RT and
1300°C in a reducing (10%H,+90%Ar), an oxidizing (10%0,+90%Ar), and an inert
atmosphere (100% Ar) flow. The transmission spectra were measured between 185-3200 nm
with a UV-Vis-NIR double beam spectrophotometer (Hitachi, U-3501).

3.3 Experimental results
3.3.1 Rutherford ackscattering Spectrometry (RBS) and TEM image

The RBS spectra show that the depth profile of gold is similar to the Gaussian distribution,
whose peak concentration is located about 0.4 pm from the surface (The spectra are not
shown here). The distribution is slightly asymmetric, which has a longer tail into the sample
than surface side. The dominant gold ions are located within 1.0 pm region from the surface
of (100) MgO with thickness of 0.5 mm. According to the results of RBS with the [100]-
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channeling direction and the tilted angle measurements, MgO surface has not been
amorphized.

Fig. 8 shows a TEM image of gold nanocrystals fabricated in MgO single crystal by ion
implantation with a post annealing. The shape of the gold nanocrystals is cubic and they
align along the crystal axis of host MgO [100]. This shape indicates that implanted ions
interact with host materials during particle growth.

Fig. 8. TEM micrograph of MgO implanted with gold ions. (Cited from our paper, Bryant, E.
M. et al., 2001)

3.3.2 Transmission of as-implanted samples

The transmission spectra of as-implanted Au/MgO samples and an unimplanted MgO
sample (called "virgin MgQO") are shown in Fig.9. The virgin sample (a) has high
transmittance region (85% transmittance, 15% loss is mainly due to the reflection at both
surfaces) down to 350 nm, and below 320 nm the transmittance suddenly drops due to
Fe3* jon impurities whose absorption bands are located at 285 nm and 210 nm. The spectra
(b), (c), (d), and (e) are the transmission spectra for the gold implanted samples with doses
of 1, 3, 6, and 10 x10%¢ ions/cm?, respectively. Every spectrum from (b) to (e) has a broad
absorption band at 576 nm, which can be attributed to F,-center (aggregates of F-centers)
due to the irradiation damage by ion implantation (Weber, 1986). As the gold dose
increases, the transmittance decreases in the range between 300 nm and 1000 nm, mainly
due to scattering from small gold particles. The color of the as-implanted samples is dark
brownish. Below 300 nm, the Fe3* band is overlapped with the F- and F+- center bands (at
248 nm and 252 nm).

3.3.3 Transmission of annealed samples

Fig.10 shows two sets of spectra of Au/MgO samples with the dosage of 6x101¢ jons/cm? for
sequentially annealed in both (a) reducing atmosphere [RA] and (b) oxidizing atmosphere
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[OA]. The annealing temperature and time for each spectrum are shown in Fig.10. The band
at 576 nm disappeared after annealing at 500°C in both atmospheres. It was reported by
Chen et al. that the band at 576 nm was completely annealed out at 600°C. (Chen et al,,
1969a, 1969b, 1967). Between 200°C and 1000°C, weak broad bands appeared around 340
and 365 nm. When the annealing temperature reached 1200°C, a strong broad band
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Fig. 9. Transmission spectra of (a) virgin MgO and as-implanted MgO with 1.1 MeV Au of
(b) 1x1016, (c) 3x1016, (d) 6x1016, and (e) 1x1017 ions/cm?. (Ueda et al., 1998)
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Fig. 10. Temperature development of transmission spectra of Au implanted in MgO
annealed in (a)Hz+Ar and (b)O»+Ar. In order to see easily, each spectrum has been vertically
offset. (Ueda et al., 1998)
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appeared at 524 nm for the samples annealed in the reducing atmosphere and at 560 nm for
the oxidizing atmosphere, which are attributed to the SP resonance of gold colloids. As the
annealing time increased at 1200°C, the SP bands became stronger and stronger, which
indicates that at this temperature (1100 -1200°C) the implanted gold ions begin to diffuse
and aggregate to form metallic colloids. In the case of the annealing in the reducing
atmosphere, as shown in Fig.10(a), the Fe3* band at 285 nm became weaker at high
temperatures. It is coincident that oxygen vacancies become mobile at this temperature, as
mentioned before (Chen et al., 1969a, 1969b, 1967).

3.3.4 Measurement of Fe** band as a monitor for creation and annihilation of F-centers

In order to investigate the correlation between the SP resonance and the reduction of the
samples, we measured the transmission spectra of Fe3* band at 285 nm of a virgin MgO
sample that was sequentially annealed in the similar way to the previous annealing of gold
implanted samples from RT to 1200°C. The Fig.11(a) shows the spectra of virgin MgO
annealed in reducing atmosphere: the spectrum (a) is for the virgin MgO before annealing,.
Spectra (b), (c), and (d) are of the same sample after sequential annealing at 1000°C, 1100°C,
and 1200°C, respectively, for 15 min each. Spectra (e) to (i) are of the same sample
additionally annealed at 1200°C for 15 min for each step. During annealing between 200°C
and 900°C with a step of 100°C for 15 minutes each, the spectra did not exhibit any
significant changes (they are not shown in the figure.) After annealing at 1200°C for 90
minutes in total, (i) of Fig.11 (a), the surface of the sample became slightly cloudy. However,
before it became cloudy, the Fe3* band at 285 nm became weaker and weaker. Apparently,
the Fe3* ions were reduced to Fe?* jons in the reducing atmosphere at high temperature,
which resulted in an increased transmittance to 75% at 285 nm (Briggs, 1975). After
annealing in the reducing atmosphere, we switched the atmosphere to O,+Ar. The
transmittance suddenly dropped just after annealing at 1200°C in the oxidizing atmosphere
for 15 minutes, spectrum (j), as shown in Fig.11(b). We assume that Fe3*ions uniformly
distributed in the entire sample before annealing and that the reducing reaction occurs at
the surface and proceeds to inside the sample until Fe3* ions are completely converted to
Fe2* ions in reducing atmosphere. When annealing the samples in the oxidizing atmosphere,
the conversion from Fe2* to Fe3* has taken place, as shown in Fig.11(b). However, this does
not mean that both hydrogen and oxygen atoms diffuse into the sample. According to
Griggs’ experiments, the annealing MgO samples in several atmospheres showed that the
gas used for annealing did not diffuse into the sample using deuterium gas (Briggs, 1975). In
the reducing atmosphere at high temperature, a hydrogen molecule takes an oxygen atom at
the surface with forming a water molecule, and leaves an oxygen vacancy with two
electrons (F-center) behind, with giving one electron to an Fe3* ion to form an Fe?* ion if
there exist Fe3* ions nearby (Briggs, 1975; Yager & Kingery, 1981a, 1981b; Ueda et al., 2001a).
In the case where Fe3* ions do not exist near the surface, oxygen vacancies with electrons (F-
or Ft-center) diffuse into the sample. (The diffusion of oxygen vacancies into the sample
means that oxygen ions diffuse out from the sample.) At lower temperature this reaction
occurs only at the surface with low rate and will not continue to react because oxygen
vacancies are not mobile at low temperature (<1000°C). This is consistent with our
observation that the spectra Fe3* absorption decreases only at high temperature (>1200°C).
In the oxidizing atmosphere, oxygen vacancies are filled with oxygen atoms, and an oxygen
takes an electron from Fe?* to convert it to Fe3*. Oxygen ions diffuse into the sample when
the temperature is high enough to make oxygen vacancies mobile.
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Fig. 11. Transmission spectra of virgin MgO annealed in (a) Hy+Ar and (b) Ox+Ar in the
range of the Fe3* absorption band. Cited from (Ueda et al., 2001)

3.3.5 Annealing temperature dependence of Fe** bands

A single virgin MgO crystal was annealed at 1200°C in O,+Ar atmosphere for 5 hours to
prepare a starting sample (the sample state O). The sample was then annealed in the
reducing atmosphere for 5 h and transmission spectra were obtained at each temperature
from 400°C to 1300°C with a step of 100°C to evaluate the degree of reduction as a function
of annealing temperature. The sample annealed at 1300°C in the reducing atmosphere for 5
h is called as the sample state R. The sample (state R) was subsequently annealed in an
oxidizing atmosphere for 5 h at each temperature from 400°C to 1300°C. This measurement
is similar to the results shown in Fig.10, however, the annealing time and temperatures are
different.

The area under Fe3* absorption band at 285 nm was integrated for each temperature from
RT (25°C) to 1300°C. In Fig.12, the annealing temperature dependence of the Fe3* band is
plotted for the samples annealed in both reducing and oxidizing atmospheres. Trace (1)
shows the integrated band intensity as a function of annealing temperature under the
reducing atmosphere, started with the sample state O. The integrated intensity of the Fe3*
band did not change until the annealing temperature reached 900°C. At this temperature,
Fe3* started to be reduced to Fe2*. The reduction of Fe3* then indicates the creation of oxygen
vacancies, as will be presented. The band completely disappeared at 1300°C. This sample
(sample state R) was used as the starting sample for annealing in the oxidizing atmosphere.
Trace (2) shows that the Fe3* band did not appear until the annealing temperature reached
900°C, and at 1000°C the sample started to be oxidized. The Fe3* absorption band completely
recovered at 1300°C.
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Fig. 12. Annealing temperature dependence of Fe3* band in (1)H>+Ar and (2)O,+Ar. The
starting sample for (1) was the oxidized state O, and that for (2) was the reduced state R.
(Ueda et al., 2001)

3.3.6 Correlation between Fe**-band and Fn-band at 575 nm

After annealing the sample (state O) in the reducing atmosphere, an absorption band
developed at 575 nm. Fig.13 shows the temperature dependence of the Fe3* and 575 nm-
bands. The intensity of the Fe3* decreased as the annealing temperature increased, while
the absorption at 575 nm increased. The band at 575 nm has been observed previously for
MgO irradiated with neutrons and ions (Chen, 1969; B. Henderson & Bowen, 1971; Evans
et al., 1972), and was attributed to aggregates of F-centers. Therefore, the correlation
between the reduction of Fe3* and the development of 575 nm-band suggests that the
reduction of Fe3* coincides with the creation of F-centers. Fig.13(b) shows temperature
dependence of 575 nm-band.

3.3.7 Diffusion of oxygen vacancies

From the similar transmission data of virgin MgO annealed in reducing atmosphere for 5
hours at each temperature, we can estimate the diffusion behavior (Ueda et al., 2001a). The
reason we took a longer annealing time of 5 hours is to establish the thermodynamic
equilibrium at each temperature. The transmission spectra were converted to absorbance,
and the absorption bands around 285 nm are integrated for each temperature from 800°C to
1200°C. Since below 700°C we did not see any significant changes, these data below 700°C
are not useful to estimate the diffusion constants. The ratio (4/A,) of the integrated
absorbance at each temperature to that at RT can be related to the amount of the Fe3* in the
sample at each temperature. According to Fick’s law, the diffusion constant is given by

3(1 - Ai) = (Dot)2exp (—Z’j(—T) )
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Here, d is the sample thickness (0.5 mm), and the annealing time t should be taken 5 hours
(18 000 sec). Taking the logarithm of both sides and plotting these quantities versus 1/2T,
we can obtain the values of E,; and Dy, as shown in Fig.14(a). A linear fitting of the plot gave
values of E,=3.08 +0.18eV and Dy =3.63 x100 um? s-1. The value of the activation energy is
between the values for F*- and F-centers (2.72 eV and 3.13 eV, respectively) that Kotomin et
al. theoretically calculated (Kotomin et al., 1996). From these experimental values obtained,
we re-plot the diffusion length as a function of annealing temperature in Fig.14(b). See ref.
(Ueda et al., 2001a) for the detailed explanation.
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Fig. 13. (a) The temperature dependence of Fe3* and 575 nm-bands during annealing in the
reducing atmosphere. Fe3* band decreased as annealing temperature increased, while 575
nm-band developed. (The vertical scale was magnified in the range of 400-800 nm by a
factor of 8.) (b) Integrated area of 575 nm-band as a function of annealing temperature for
both cases of annealing in O,+Ar and Hy+Ar. Cited from (Ueda et al., 2001)
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Fig. 14. (a) Linear fitting for the estimation of diffusion constants. (b) Diffusion length of
oxygen vacancies as a function of annealing temperature for 5 h, using the values of the
diffusion coefficient and the activation energy obtained from this study.(Ueda et al., 2001)

According to this plot, the diffusion of oxygen vacancies started around 900°C. (In the inset,
the vertical scale is little magnified to see the small change.) This is consistent with the data
which Chen et al. found that the oxygen vacancies in MgO become mobile around 1000°C
(Chen et al., 1969a, 1969b, 1967). Note that this reduction process of MgO is essentially
reversible, according to the data of Fe3* transmission measurements, as shown later.

3.3.8 Annealing atmosphere dependence of surface plasmon band of Au in MgO

The Au implanted MgO samples showed SP bands after annealing at high temperature (T =
1200°C), as mentioned previously. The SP band positions depend on the annealing
atmospheres. To confirm the annealing atmosphere dependence of the SP band position, we
sequentially annealed an implanted sample (Au/MgO with dose of 10x10% inos/cm?) at
1200°C in (1)Ar only, (2)Ox+Ar, (3)Hz+Ar, and (4)Ox+Ar again for 2 hours each. (1)After
annealing in Ar only, SP appeared at 535 nm. (2) After annealing in O>+Ar, SP shifted to 560
nm. (3)Annealing in H>+Ar made SP shift to 524 nm. (4) Again, after annealing in O»+Ar, SP
moved back to 560 nm. From these results, the SP position is reversibly depending on the
annealing atmosphere (Ueda et al., 1997).

To investigate this annealing atmosphere dependence of SP position, we annealed one piece
of MgO implanted with gold (1x1017 ions/cm?2) with a piece of virgin MgO as a reference at
1200°C in O,+Ar atmosphere for 5 hours as a starting sample , whose SP position was 560
nm. These samples were annealed in the reducing atmosphere for 5 hours at each
temperature from 400°C to 1300°C to find the SP position as a function of annealing
temperature. In Fig.15(a), the trace (1) presents the SP position change under the reducing
condition: Below 700°C, the SP position stayed at 560 nm, and SP position started to
gradually change to the shorter wavelength from 800°C up to 1300°C. The final SP position
was 527 nm, which was slightly longer wavelength than that stated in previous paragraph
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(Ueda et al., 1997). Then this sample was annealed in the oxidizing atmosphere for 5 hours
each at certain temperature from 400°C to 1300°C. In Fig.15(a), the trace (2) presents the SP
position change: Below 700°C, the SP position stayed at 527 nm, and SP position started to
suddenly change to the longer wavelength (~560 nm) between 800°C and 900°C. The SP
position essentially stayed at about 560 nm above 900°C up to 1300°C. The final SP position
was 563 nm, which is also slightly longer wavelength than that mentioned previously (Ueda
et al., 1997). This sample was then annealed in the inert atmosphere (Ar only) in the same
way as previous annealing. In the Fig.15(b), the trace (3) shows that the SP position
essentially stayed around 560 nm, although there was a small dip at 1100°C. This sample
was then first annealed at 1200°C in the reducing atmosphere for 5 hours to obtain the
starting sample for annealing in the inert atmosphere, whose SP position was 523 nm as a
starting SP position. In the Fig.15(b), the trace (4) shows that the SP position changed
similarly to the trace (2) for annealing in O,+Ar. From this similarity, the annealing in O,+Ar
and Ar only atmosphere are essentially thermal processes, which is the diffusion of oxygen
vacancies from inside to the surfaces. On the other hand, the annealing in H>+Ar
atmosphere involves chemical reactions at the surface as well as thermal processes together.
The chemical reaction mainly determines the rate of SP position change, which gradually
changed from 800°C to 1300°C.
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Fig. 15. Surface Plasmon (SP) position as a function of annealing temperature in different
atmospheres. (Ueda et al., 1998)
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3.3.9 Annealing temperature dependence of F,-center and Fe**-bands

The temperature between 800°C and 900°C is a transition temperature for SP position
shifting. This temperature, Tyy, is coincidently the temperature at which oxygen vacancies
become mobile. Therefore, it is natural to mention that oxygen vacancies play an important
role in the SP position shifting. A piece of virgin MgO was annealed with the previous
annealing of the MgO implanted with Au ions for 5 hours at each temperature in order to
see the roles of oxygen vacancies without the effects caused by the ion implantation. This is
similar to the results shown in Fig.12, however, the annealing conditions are slightly
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Fig. 16. Integrated intensities as a function of annealing temperature for Fe3* and Fn-center
bands. (Ueda et al., 1998)
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different in the annealing time and temperatures. The transmission spectra were converted
to absorbance, and the Fe3* absorption band (285 nm) and F,.-center band (576 nm) are
integrated for each temperature from RT (25°C) to 1300°C. In Fig.16(a), the annealing
temperature dependence of Fe3* band is plotted in both reducing and oxidizing atmosphere.
The trace (1) shows the integrated band intensity as a function of annealing temperature
under the reducing atmosphere, started with the sample annealed at 1300°C in the oxidizing
atmosphere for 5 hours. The Fe3* band did not change until the annealing temperature
reached 900°C, and then at 1000°C the sample started to be reduced, which is the onset of F-
center creation. The band completely disappeared at 1300°C, as shown. This final sample
was used as the starting sample for the following annealing in the oxidizing atmosphere.
Trace (2) shows that the Fe3* band did not appear until the annealing temperature reached
900°C, and then at 1000°C the sample started to be oxidized, which is the beginning of F-
center annihilation. The band completely came back at 1300°C, as shown. Trace (2) shows
that oxidizing behavior was symmetrically going on with trace (1) for the reducing
atmosphere. In Fig.16(b), the annealing temperature dependence of F, -center band of the
same sample is plotted. The traces (3) and (4) show the integrated F, -center band intensity
as functions of the annealing temperature under the oxidizing and reducing atmospheres,
respectively. Fy-centers were gradually formed until 1200°C in the reducing atmosphere,
however F, -center were abruptly decomposed at relatively lower temperature (~Tpy ), as
shown. These traces (3) and (4) do not symmetrically behave, while the Fe3* band did. It is a
meaningful observation that Fn-center formation take place after enough F-centers are
created, with comparison between traces (b)-(4) and (a)-(1), and that there were still F-
centers in the entire sample even after F,-centers were decomposed (1000-1200°C) because
Fn--centers are aggregates of F-centers that play as the sources of F-centers during the
decomposition of Fy-centers, with comparison between traces (b)-(3) and (a)-(2). Note that
there is a similarity between the SP position shift and the F, -center changes as functions of
annealing temperature: Compare Fig.16(b)-(3) with Fig.15(a)-(2). There is a sudden change
at Toy (800-900°C) in SP position, while a sudden change occurs at 900-1000°C in F,-center
intensity. This is probably because the implanted gold layer is located at very shallow range
from surface. This gold layer is about 1000 times thinner than whole sample thickness, so
that before the entire sample has the final F, -center distribution the implanted gold layer
near the surface has already some degree of F, -centers were formed.

3.4 Discussion of mechanism for surface plasmon resonance position shifts

We have seen the SP position of gold colloids can be shifted by annealing in a certain
atmosphere. The SP position shifts reversibly by changing the annealing atmosphere from
reducing to oxidizing or vice versa. Although the surface of the MgO sample becomes
cloudy during annealing in the reducing atmosphere, this shifting is repeatable several
times. Does the size or shape of gold colloid explain the SP position shifting? It is difficult to
imagine that the size can be changed by annealing in an atmosphere after a gold colloid with
a certain size had been formed. Since the state of as-implanted stage is not a
thermodynamically equilibrium state that is metastable, the colloid formation during
annealing is an irreversible process. Thus once most of the metastable gold ions formed
larger colloids, they will not become smaller colloids at the temperatures where gold is
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supposed to be liquid or solid phase and where the vapor pressure of gold is not
considerably high. The shape of gold colloids may be changed by varying the surrounding
environment of a colloid to lower the sum of surface energy for all facets of the colloid
surface. However, since bulk gold forms fcc crystal structure, the shape of a colloid should
be reflected in the cubic symmetry of MgO and the shape could be a truncated-octahedron
or a sphere-like shape. Among these shapes, the SP position may not be so changed. Thus
we need to seek the other explanations of the mechanism for the SP shifting. This
reversibility suggests that there are two possible mechanisms to explain the SP position
shifting according to the equation (1): (i) the dielectric function of host material (MgO) near
gold colloids is influenced by the annealing. (ii) the dielectric function of gold colloids is
changed by the annealing.

Using these values of wsp from experimental data, Eq.(3), and the optical constants of bulk
gold from literature (Palik, 1991; Lide et al., 1998), we inversely calculated the local &n.
These calculated values &, are supposed to be 3.01 (Ar only), 2.45 (H>+Ar), and 3.90
(O2+Ar), while the standard value of ¢, for MgO is 3.02. However, the dielectric constants
& of these samples measured by ellipsometry gave the following values: 2.99 (Ar only), 2.98
(H2t+Ar), and 2.99 (O,+Ar). The reason why the calculated values ¢, of the samples vary so
much and the experimental values are unchanged is as follows: If —2¢,, and e(w) were
drawn against wavelength, the crossing point satisfies the SP resonance condition according
to Eq.(3). Fig.17 schematically depicts two possible situations. Since the dielectric function of
gold is relatively steep compared with that of MgO host, horizontal lines present the
function —2¢,, and the steep function presents e(w) . InFig.17(a), the dielectric function
&(w) of gold is assumed to be unchanged after annealing, and ¢, is supposed to be
responsible for the SP shifting. On the other hand, in Fig.17(b) the dielectric function &, of
MgO is assumed to be unchanged after annealing and e(w) is supposed to be responsible for
the SP shifting. The experimental data support the case of Fig.17(b), that is, &, does not
change so much and the dielectric function of gold colloids changes after annealing. In
Fig.17(c), the model plot is given for the case where gold dielectric function’s change is
responsible for the shift of SP. However, there are other possibilities such as the combination
of these two cases. Although the dielectric function &,, of MgO did not change for samples
annealed under different atmospheres, according to the ellipsometric measurement
mentioned above, those values for &, were the averaged value of wide area of the sample,
and the SP shift might be affected by the environment near gold particles.

Recalling the similarity between the SP shifting and the F,-center intensity change for the
case of annealing in oxidizing atmosphere, we had better compare Fig.15.(2) and Fig.16(3).
Both traces suddenly change in the range of 800-1000°C. We can see the correlation between
these two quantities: Just above the temperature where Fy-center intensity started to
decrease, the SP position abruptly shifted to longer wavelength. On the other hand, for the
case of the reducing atmosphere, SP shift gradually proceeded from 800°C and it saturated
at 1200-1300°C, compared Fig.15.(1) with Fig.16(4). However, F.-center apparently started to
increase at 1200-1300°C. It is reasonable to imagine that F-centers and F,-centers were
formed near the surface due to the reduction of the MgO surface. Around the critical
temperature Tyy, F-centers diffuse into the sample, while Fn-centers do not diffuse because
Fn-center are too large to diffuse. Thus, the F-centers evaporated from F.-centers near the
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the shift of SP band.
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surface can diffuse in, and the F-centers form their aggregates only when the concentration
of F-centers reaches a threshold. However, until the F,-centers and F-centers reach the
equilibrium, the F,-centers may be partly decomposed and then the evaporated F-centers
diffuse into the sample according to the gradient of the concentration of F-centers. Thus, as
we can see, at the very shallow surface near the implanted gold layer, the degree of F.-
centers gradually increase, which corresponds that SP position gradually changed until F-
centers suddenly increased at 1200°C. However, between 800°C and 1200°C the evaporation
and diffusion are in progress until the F-center concentration in the entire sample reaches
the threshold to form F,-centers around 12000C.
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Fig. 18. Energy diagram of Au (bulk), MgO, Fn-center, F-center, and the other related energy
levels. Relative positions are determined according to literature, as explained in text. (Ueda
et al., 1998)
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Let us consider how the dielectric function of gold colloid can change the value. Fy-center is
defined as an aggregate of F-centers, which may be regarded as a metallic Mg colloid. In
alkali halides irradiated with photons or electrons, metallic colloids were found as F-center
aggregates (Fughes & Jain, 1979). If Fy-centers are formed close to gold colloids, electrons in
the Fy-centers can transfer to the gold colloids because the Fermi level of bulk Mg metal is
higher than that of bulk gold (Lide et al., 1998). The work function for bulk Mg and bulk
gold are 3.66 eV and ~5.4 eV, respectively (Lide et al., 1998). The band gap of MgO is 7.8 eV
and the vacuum level of MgO was found to be 9.1eV from the top of valence band by UPS
(Tjeng et al., 1990). The energy levels of F- and F*-centers are given by Chen et al. (Chen et
al.,, 1969a, 1969b, 1967). The absorption band of Fy-center is located around 576 nm (2.15 eV)
from our experimental data and literature values (Weber, 1986). Assuming that the final
state of this transition is the bottom of the conduction band of MgO, we propose that the
energy level for Fn-center is located about 2.2 eV below the bottom of the conduction band of
MgO, which is 5.6 eV above the top of valence band. Summary of these data are shown in
Fig.18. Note that the level of Fn-center is coincident with the Fermi level of bulk Mg metal, as
mentioned before. The Fermi level of bulk gold is located much lower than the F,-center
level by 1.8 eV. Therefore, the electrons in Fy-center are able to transfer to gold colloids
nearby. We did not consider the quantum confinement effect on electrons in gold colloids in
order to estimate the energy scheme in Fig.18. The Fermi level of the gold colloids may have
higher value than that of bulk gold, as shown in Fig.18.

Leaving this question at this stage, we would like to explain a simple mechanism of the
dielectric function change of gold colloid due to electron transfer from F.-centers to gold
colloid, which correspond to Fig.17(c). In the free-electron gas model for metals, the
dielectric function is given by the following equation (Kittel, 2005):

2

g(w)=1- % ®)

with the plasma frequency of gold colloid defined by, in SI units,

2
ne
wp? = (6)
EMe

where e and m, are the electron charge and mass, ¢, is the permittivity of vacuum, and n
is the electron density of a gold colloid we are considering. When some electrons in Fy-
center are transferred into the gold colloid, the electron density of the gold colloid will
increase so that the plasma frequency will increase. Fig.17(c) shows that the dielectric
functions before and after electrons are transferred, in which the SP resonant frequencies
are schematically given, according to the resonance condition: e(wgp) = —2¢;,. From this
figure, we can see that the SP frequency blue-shifts after electrons are transferred. This is
the case of the sample annealed in the reducing atmosphere and F,-center plays a role of
an electron injector.

Let ny be the electron density of a gold colloid in the oxidized MgO and n’ to be that of the
same colloid in the reduced MgO. The potential difference between the Fermi level of gold
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and Fy-center level is about A@ = 1.8 eV. To compensate this potential difference, electrons
can transfer from Fy-centers to the gold colloid. Although our gold colloid has a cubic shape,
we regard it as a sphere for simplicity and suppose that the radius of the gold colloid is r.
Thus, the volume of this colloid is V,oy0iq = 4713/3 . Let the transferred charge be AQ, and
then the change in the number of electrons in the gold colloid will be

av= A @)
e

The charge transferred AQ is related to the potential difference Ag (volt) as follows:

AQ
= 8
Ae 4meyr ®
Eliminating AQ from (7) and (8), we obtain
N = 4’7‘[801"A(p (9)

e

Assuming that the electron density of gold colloid in oxidized MgO is similar to the one of
bulk gold; ny=5.9x1028 m3 (Lide et al., 1998), the total number of electrons in the colloid is
given by

4-1'[7'3710 (10)

No = noVeor0ia = 3

The ratio of AN to the total number of electrons of an neutral Au colloid, N, is

4megrA
v (FE=E) 3600 0,005

N, <4nr3no) T engr?  r+2
3

(11)

Here, r* is defined as a numerical part of r in nm as follows: r = r* X 1 nm. The dielectric
function for gold before transfer is given by Eq.(5) with (6):
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From Eq.(3), The surface plasmon position wsp satisfies

2
O _ g (13)

e(wgp) =1—
'SP wSPZ

After the charge transfer, the dielectric function for gold can be given by
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After the charge transfer, the surface plasmon position w'sp satisfies

1 2
1)
e(w'sp) =1- ,P 5= —2¢&p, (15)
W 'sp

Here, although &, may have been changed, for simplicity, we assume that ¢, stays the
same. By subtracting Eq.(14) from Eq.(12) each side, we get
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The shift for wgp is qualitatively given by

' An 1An 1AN 0.0025
—F = Mt —=lt+s—=lts—=1+—. 17)
Wgp un Zno ZN() r*

If we insert AN/N = 0.005 for r =1 nm, then the calculated shift for wgp becomes about 1 nm
in wavelength, while the actual shift for wsp is more than 30 nm in wavelength. Inversely, if
we seek for the radius that causes 30 nm wavelength shift, then we obtain r =0.2 nm.
Therefore, this model may not explain the actual such large shift. Since the electric charge
due to free electrons in a gold particle is compensated with the positive charge of nucleus,
thus the gold particle is neutral as a whole. The transferred charge, however, is an
additional negative charge, so the transferred charge should be located on the surface of the
gold particle. This localized surface charge may play an important role.

3.5 Sectional summary

We have found that the annealing atmosphere affects the position of SP band of Au
implanted in MgO. The SP band position of the sample annealed in the reducing
atmosphere is found to be about 524 nm, and that for the sample annealed in the
oxidizing atmosphere is about 560 nm. These SP position shifting is reversible and
repeatable by changing the annealing atmosphere from reducing to oxidizing or vice
versa. We observed that F,-centers are created during annealing in the reducing
atmosphere at higher temperature (>1200°C). Since F.-center energy level is higher than
the Fermi level of the gold colloids in MgO, Fy-centers play the role of electron injectors.
Therefore, the electron density of gold colloid is changed so that the SP position shifts.
However, our simple model cannot quantitatively explain the experimental results. The
shifting and its reversibility may be useful for application to the development of nonlinear
optical devices or sensor of gases.
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4. Conclusion

We have presented two kinds of samples: First, by using samples of Se implanted in silica
glass, we explained Se particle growth by Tauc analysis of optical absorption spectra on
annealed samples, where we mainly concentrate on the particle growth of implanted
materials. Secondly, by using MgO single crystalline substrate implanted with Au ions, we
explained the interaction between implanted species and host material MgO. We focused on
the surface plasmon resonance position shift due to the state of host material MgO annealed
under reducing and oxidizing atmospheres.
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1. Introduction

Ion implantation is considered to be a precise technology for the dopant introduction not
only in semiconductors but also in metals and insulators (Plummer et al., 2000; Sze, 1998).
The other way of introducing dopants is the plasma treatment (Sze et al., 1998). However,
ion implantation in semiconductors is extensively used for various applications in the field
of optoelectronics, micro/nano-electro-mechanical systems, power electronics etc (Plummer
et al., 2000; Sze, 1998). In particular, ion implantation in silicon (Si) using light ions such as
hydrogen (H) has gained significant attention since last two decades (Bruel, 1995; Tong &
Gosele, 1999; Lee et al., 2004). This is because hydrogen in semiconductors, whether
introduced intentionally or unintentionally, is known for its role in the defects and dopant
passivation (Pankove & Johnson, 1991; Chabal et al, 1999). Moreover, as H in
semiconductors is chemically reactive, it influences the transport mechanisms of the charge
carriers and ultimately the device performance (Chabal et al., 1999; Hochbauer et al., 2002).
The H-implantation in Si started a new era in the electronic industry when it was first time
coupled with the direct wafer bonding technique (Bruel, 1995). This coupled process is now
called as ion-cut process, which was commercially employed by SOITEC, France by the
name of Smart-Cut™ process. This process came into existence by the end of twentieth
century when first time the engineered substrates such as silicon-on-insulator (SOI) were
realized (www.soitec.com). Since then SOI technology really helped in boosting the device
performance because of its numerous advantages leading to high speed microprocessors,
low power consumption, low leakage current, low parasitic and latch-up effects etc (Bruel,
1995; Tong & Gosele, 1999; Christiansen et al., 2006). After that, the ion-cut process was
studied and successfully extended to germanium (Ge) for the fabrication of germanium-on-
insulator (GeOlI) substrates (Deguet et al., 2006). Since then Si and Ge processing
technologies have grown upto high maturity, which are now applied on industrial scale in a
regular basis. But, ion-cut process lacks its maturity when it is applied to other
semiconductors due to various technical as well as commercial reasons (Radu et al., 2003;
Cioccio et al., 1996, Moutanabbir et al., 2010). Nevertheless, this process is experimentally
demonstrated on a small scale in silicon carbide (SiC), indium phosphide (InP) and gallium
nitride (GaN) (Cioccio et al.,, 1996; Singh et al., 2010). In the past couple of years the
extensive studies have been carried out in understanding the ion-cut process in these and



390 lon Implantation

some other technological important semiconductors, such as (gallium arsenide) GaAs,
silicon germanium (SiGe), and aluminium nitride (AIN) (Radu et al., 2003; Singh et al., 2005,
2010). These studies have shown that ion-cut process in these semiconductors still holds
promise for potential applications in devices.

1.1 Basics of H-implantation-induced Blistering in Semiconductors

Ion-cut process consists of H-implantation in semiconductors and direct wafer bonding
techniques (Bruel, 1995; Christiansen et al., 2006). The implanted H ions induce damage
within the semiconductor, which during implantation or after post-implantation annealing
results in deformations of the implanted surface (Tong & Gosele, 1999; Hayashi et al., 2008).
If these deformations are in the form of surface blisters, then it is referred as surface
blistering and if they are in the form of regions from where the implanted surface is
completely detached, then it is called surface exfoliation (Fig. 1) (Kucheyev et al., 2001).
However, there is no difference between the H-implantation parameters that lead to
blistering/exfoliation or layer splitting/layer transfer using direct wafer bonding.

T
H-Implanted Device Wafer

T> 4007 lT > 400°C ¥> 400°C

_—— NNt/
’\\T;‘f '\H HZ HHH L HH Y HHH HH H
Blistering Exfoliation Layer Splitting

Fig. 1. Schematic illustration of the H-induced surface blistering, surface exfoliation and
layer splitting process after post-implantation annealing at elevated temperature (T).

In some cases large area exfoliation, where the implanted surface is completely removed
over a large regions, also occurs (Dadwal et al., 2010). The detailed understanding of the
hydrogen implantation-induced surface blistering mechanisms is very essential from the
prospect of successful application for ion-cut process. H-implantation induces various types
of defects within the damage region, which upon annealing agglomerates to extended
defects like nanocracks/microcracks (Chabal et al., 1999; Hochbauer et al., 2002). These
extended defects act as efficient trapping centres for the implanted H. The implanted H gets
segregate into these defects in molecular form, which thereby creates internal pressure and
hence takes them to an overpressurized state. When this internal pressure reaches to the
fracture limit of the implanted material, it ultimately lifts the implanted surface in the form
of surface blistering/exfoliation (Kucheyev et al., 2001; Di et al., 2008; Padilla et al., 2010).
However, the detail mechanisms of the surface blistering are very complex and which even
in the highly matured SOI technology are still not fully understood (Moras et al., 2010).

1.2 Layer transfer of semiconductors

Hydrogen implantation-induced surface blistering/exfoliation can be extended to the
transfer of a thin layer of the implanted semiconductor (donor wafer) onto an appropriate
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foreign substrate (handle wafer) using ion-cut process (Héchbauer et al., 2002; Singh et al.,
2010). In this process the implanted wafer is bonded to a handle wafer after following the
standard wafer cleaning procedure (Tong & Gosele, 1999). Then these bonded wafers are
subjected to thermal annealing at elevated temperatures for the sufficient duration. The
thermal treatment induces defects migration and agglomeration, which leads to layer
cracking parallel to the bonded interface. Hence, it gives transfer of implanted layer from
the parent substrate onto the handle substrate (Bruel, 1995; Tong & Gosele, 1999;
Moutanabbir et al., 2010). However, the layer splitting is only possible if bonding energy of
the bonded interface between the handle wafer and the implanted layer is much stronger
than the implanted layer and the donor wafer. Moreover, one can transfer multiple layers
from the single donor wafer by tuning the energy of the implanted H ions. This feature of
ion-cut process makes it very attractive in the case where donor wafer is highly expensive
and is mostly available in small sizes such as in the case of III-V nitride semiconductors, like
GaN and AIN (Kucheyev et al., 2001; Moutanabbir et al., 2010).

1.3 Brief chapter description

This chapter is basically an attempt to shed light and give an overview about the
implantation-induced layer splitting of the semiconductors using ion-cut process. The layer
splitting is discussed in some of the important compound and conventional semiconductors
for the realization of current and new generation technology. This chapter is divided into
ten sections including introduction and reference section. Each section is further divided
into different subsections. The extensive studies of the layer splitting mechanisms in Si
makes ion-cut process highly matured in it and, that is why highly explored in the layer
transfer applications (Tong & Gosele, 1999). Therefore, the implantation-induced ion-cut
process in Si is not discussed in this chapter. The focus is given to some other
technologically important semiconductors such as Ge, SiGe, GaAs, InP, GaN, AIN and other
important semiconductors for the understanding of the H-induced layer splitting
mechanisms.

2. Ge and SiGe alloys

Ge and its alloy with Si, which is SiGe, are two important materials which have promising
applications in the integrated circuits (ICs) technology because of the higher carrier mobility
and optimum forbidden bandgap (Singh et al., 2005, Huang et al., 2001). Specifically in Ge,
the hole mobility is about 1800 cm?2V-lsec-l. Whereas in SiGe, depending upon the
concentration of Ge in Si, mobility enhancement of the charge carriers to the values up to
40000 cm?V-1sec-! could be achieved in the modulation doped structure of the strained Si
(sSi) on silicon germanium-on-insulator (SGOI) (Huang et al., 2001). The process of H-
implantation-induced layer splitting was used to transfer thin layers of Ge and SiGe without
investigating its dependence on the implantation temperatures. Therefore in the following
subsections we have discussed temperature dependent behaviour of the H-induced layer
splitting process in these materials.

2.1 H-implantation in Ge

H-implantation in Ge results in ion induced defects which are quite similar to that in H
implanted Si. These defects are vacancies, interstitials and their complexes with the
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implanted H (Akatsu et al., 2005; David et al., 2009). When H is implanted in Ge, it results in
surface blistering/exfoliation depending upon the implantation and post-implantation
annealing parameters (Akatsu et al., 2005; Dadwal et al., 2009). For instance, Fig. 2 shows
100 keV H ion implanted Ge samples at different implantation temperatures. For the
implantation at liquid nitrogen (LNy), the surface exfoliation is observed in the form of
craters of different size (Fig. 2a). The room temperature (RT) H-implantation displayed large
area exfoliation after post implantation annealing at 500 °C for 30 min (Fig. 2b). This large
area exfoliation is extended upto few 100 square micrometer over the implanted surface.
However, H-implantation at higher temperature of 300 °C results surface exfoliation in the
as-implanted state (Fig. 2c) (Dadwal et al., 2009).
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Fig. 2. Nomarski optical images of the 100 keV H implanted Ge at (a) LN, (b) RT after post-
implantation annealing at 500 °C for 30 min, and (c) 300 °C in the as-implanted state

(Dadwal et al., 2009).
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The increase of implantation temperature shows pronounced diffusion of the H-induced
defects and their re-arrangements within the damage band, which leads to the formation of
extended defects like microcracks (Zahler et al., 2007). The role of implanted H is to
passivate the internal damage lattice, which results in molecular hydrogen within these
extended defects during implantation or after post-implantation annealing. These extended
defects filled with H, molecules are responsible for the surface craters or exfoliation
depending upon the implantation temperature (Dadwal et al., 2009). Since diffusion of the
implanted species is also a time dependent process, that is why post-implantation annealing
at temperature lower than 500 °C for time less than 30 min does not produced any surface
deformation. However, one may obtain the H-induced surface blistering at an annealing
temperature lower than 500 °C but the annealing should be performed for duration longer
than 30 min. This blistering study of the H implanted Ge was successfully used for the
fabrication of GeOl substrates where bulk Ge acted as donor substrate and the transferred
layer thickness was about few thousands of angstroms (Deguet et al., 2006; David et al.,
2009). The root mean square roughness (RMS) of the transferred layer was below 0.2 nm and
Z range value was around 2 nm on a 5 X 5 um? scan area after the chemical mechanical
polishing (CMP) step.

2.2 H-implantation in SiGe

The introduction of Ge in the Si lattice results in new applications of the SiGe alloy in the
fabrication of strained SiGe (sSiGe) based high speed devices and modern complementary-
metal-oxide-semiconductor (CMOS) technology (Singh et al.,, 2005, Huang et al., 2001).
When Ge adds into the Si lattice it gets strained. Depending upon the molar composition of
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Ge, gate length of the sSiGe based CMOS devices and bandgap in base region of the SiGe
heterojunction bipolar transistors (HBTs) varies accordingly which gives its importance in
the said applications. The typical value of Ge composition in the SiGe alloy ranges between
15-30% of Si. However, with the increase in Ge concentration in Si lattice, quality of the
transferred sSi layer starts degrading due to the over concentration of Ge. This allows
agglomeration or precipitation of Ge during the wafer bonding or in the post-implantation
annealing step (Huang et al., 2001). Hence, in order to prepare high speed electronic circuits
and optoelectronics, the wider range of Ge concentration is preferable. For that,
understanding of the implantation-induced blistering parameters is essential in order to
normalize the layer splitting process at different Ge concentrations. In particular, if we
consider H-implantation in Sip 70Geo 30, it does not results surface blistering/exfoliation in the
as-implanted state for the implantation at LN> and RT (Dadwal et al., manuscript under
preparation). However, their post-implantation annealing at higher temperature of 400 °C
for 1 hr showed surface blistering/exfoliation depending upon the implantation
temperature (Fig. 3).
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Fig. 3. Nomarski optical images of the 100 keV H implanted SizGeso for a fluence of 1 x 1017
cm-2 at (a) RT and (b) LN after post-implantation annealing at 400 °C for 1 hr (Dadwal et al.,
manuscript under preparation).
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With the increase of post-implantation annealing temperature to 500 °C, the RT implanted
SiGe samples also undergo surface exfoliation for the same annealing time of 1 hr. However
in the LN; implanted SiGe samples, surface exfoliation dominate on a large scale after post-
implantation annealing at 500 °C for 1 hr (Dadwal et al., manuscript under preparation). In
comparison to H-implantation at RT, H-implantation at LN, undergoes effective segregation
of the H-induced extended defects within the narrow damage band and is responsible for
the surface exfoliation after post-implantation annealing. Such type of H-induced extended
defects in the form of platelets and microcracks are very recently been reported in blistering
study of the H-implantation in Sig70Gep3o (Singh et al., 2011). These extended defects are not
only oriented along (001) plane but also along {111} planes, and are capable of deforming
top implanted layers in the form of surface blisters and craters (Fig.4).

This implantation temperature dependence of the blistering study can provide a meaningful
information in the prospective of high Ge contained SiGe layer transfer of good quality.
Specifically, the surface blistering/exfoliation at the lower implantation and annealing
temperature seems to be more appropriate in the fabrication of sSGOI substrates with high
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Ge concentration. This is because of some issues related to the thermal and lattice mismatch
between the donor and handle substrate. H implanted SiossGeo.15 has shown high quality
layer splitting in the fabrication of strained silicon-germanium-on-insulator (sSGOI)
substrates (Huang et al., 2001). This was done by bonding of the H implanted SissGeo.15
epitaxial layers with the oxidized Si wafer followed by annealing at 500-600 °C to induce
layer splitting. The final RMS roughness of the transferred SipssGeo 15 layer was less than 1
nm (Huang et al., 2001).

e Ka 0«‘..~.'

| Surface. ~ 7

(100) platelets

Ko

(111) platelets

Fig. 4. Cross-sectional transmission electron microscopy (XTEM) image of the 120 keV H*
ion implanted Sip70Geo30 with a fluence of 1 x 1017 cm-2 after post-implantation annealing at
500 °C for 5 min (Singh at al., 2011). doi:10.1088/0268-1242/26,/12/125001

3. GaAs

GaAs is the first binary compound semiconductor which was used in the fabrication of
electronic devices after conventional semiconductors such as Si. The combination of GaAs with
the low lattice matched Ge provides fruitful platform for the integration of the GeOlI substrates
with the III-V materials. Moreover, being a direct bandgap material, it is an alternative mean of
revolutionizing GaAs technology when it combines with ion-cut process (Radu et al., 2003). If
GaAs is implanted by H ions in the temperature range of about 100-250 °C, the surface
blistering results depending upon implantation fluence in the range of about (0.3-2) x 1017 cm-
2. The hydrogen induced surface blistering is due to overlapping of the microcracks oriented
along {111} and {100} planes (Fig. 5). It results in the formation of larger cracks of size more
than 1 pm, giving layer cracking near to the peak region of the damage concentration.
However, surface blistering can be probable even at a higher H fluence. In general, the H-
induced surface blistering is not effective for layer splitting applications because of its much
temperature sensitive nature due to the beam heating effects. In addition to this, helium (He)
implantation in GaAs provides control surface blistering and even large surface area
exfoliation only after post-implantation annealing for a fluence of 5 x 1016 cm-2 (Radu et al.,
2003). This controlled surface blistering has laid basis for the He-induced GaAs layer splitting
applications. Hence in GaAs, in comparison to He-implantation, ion fluence is higher for H-
implantation in achieving the surface blistering/exfoliation.
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Fig. 5. XTEM image of the 130 keV hydrogen implanted (100) GaAs wafer at 100 °C with a
fluence of 3.5 x 106 cm-2 ( Radu et al., 2003). Reprinted with permission from Radu et al.,
(2003), American Institute of Physics

Moreover, H and He co-implantation method is also used for the layer splitting of GaAs.
The GaAs co-implantation with Hy* ions of energy 160 keV and fluence 3 x 10 cm-2, and
with He ions of energy 105 keV and fluence 5 x 1015 cm-2 showed controlled surface
blistering only after post-implantation annealing. This is due to the formation of relatively
narrow damage band decorated with bubbles, platelets like defects over the whole damage
band (Radu et al., 2003). The surface blistering in H and He co-implanted GaAs is observed
only for the implantation at RT.

3.1 Role of implantation temperature

In general, the implantation temperature is very critical for the ultimate surface
deformations in the form of surface blistering/exfoliation. There are many reasons
responsible for this temperature dependent blistering behaviour of the implanted
semiconductors (Kucheyev et al., 2001; Lee et al, 2004). The prominent facts are that,
blistering is a temperature and time dependent process where implanted species should get
released from the passivated defect sites for their segregation and the formation of extended
defects like platelets. The platelets formation is necessary for the surface
blistering/exfoliation (Moutanabbir et al., 2010). In the case of GaAs, if implantation
temperature goes beyond the range of about 100-160 °C, the surface blistering does not
occur due to the out diffusion of H from the damage region. Hence it does not allow the
agglomeration of H for the formation of extended defects like platelets, which are the
precursors for the surface blistering. Similarly if the implantation temperature is lesser than
100 °C, then implanted H does not get sufficient migration to undergo proper interactions
with the implantation-induced defects, which further hinder the surface
blistering/exfoliation. Hence the implanted ions should possess a sufficient minimum
energy called as activation energy for the surface blistering or ion-cut process.

3.2 GaAs layer splitting

The layer splitting of GaAs using ion implantation and direct wafer bonding technique can
be done by choosing an appropriate handle substrate. In comparison to H-implantation, the
He implanted GaAs wafer is used in the layer transfer process onto Si substrate (Radu et al.,
2003). However, the layer transfer occurred partially. But, H and He co-implantation
provides complete and uniform transferred layer of the implanted GaAs onto Si substrate
using intermediate Si-on-glass (SOG) layer (Fig. 6).
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Fig. 6. Transferred GaAs layers onto Si-on-glass/Si substrate with (a) scanning electron
microscopy image of the He implanted GaAs at RT after post-implantation annealing at 200
°C for 14.5 hr and (b) XTEM image of the bonding interface between the transferred GaAs
layer and SOG layer using H and He co-implantation at RT followed by post-implantation
annealing at 225 °C for 14 hr (Radu et al., 2003). Reprinted with permission from Radu et al.,
(2003), American Institute of Physics

The transferred GaAs layer obtained by the co-implantation is little bit more rough in
comparison to the partially transferred GaAs layer obtained by He-implantation alone
(Radu et al., 2003). This is due to the reason that surface morphology of the transferred
GaAs layer depends upon the implantation-induced extended defects, like microcracks
orientation and there overlapping within the damage region (Fig. 7).

Fig. 7. XTEM image of the platelets and microcracks in the as-implanted (100) GaAs by He (105
keV, 5 x 1015 cm-2) followed by Hy* (160 keV, 3 x 1016 cm-2) implantation at RT (Radu et al., 2003).
Reprinted with permission from Radu et al., (2003), American Institute of Physics

During co-implantation, H-implantation induces platelets formation oriented along (100)
and (111) planes, which gives zig-zag overlapping of the microcracks in the as-implanted
state (Fig. 7). Hence it results relatively high surface roughness to the transferred GaAs layer
after post-implantation annealing in comparison to only He implanted GaAs, where
platelets are mostly oriented along (100) planes that are parallel to the implanted surface.

4. InP

The implantation-induced layer splitting of InP using hydrogen has strong dependence on
the implantation temperature as well as the post-implantation annealing parameters
(Hayashi et al, 2004; Chen et al., 2008). The problem becomes more severe if the
temperature of the sample holder rises during implantation. The rise in the sample holder
temperature during implantation can activate the implanted hydrogen and it starts diffusing
out of the damage region. This eventually results in the absence of blistering/exfoliation in
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InP even after post-implantation annealing. It was reported by the Tong et al that in the case
of InP the surface blistering or layer exfoliation occurred after post-implantation annealing
only if the implantation temperature was between 150-250 °C (Tong et al., 1999). The
Hayashi et al have shown that hydrogen implantation-induced out-of-plane tensile strain
within the damage region also influences the blistering/exfoliation behaviour in InP
(Hayashi et al., 2004). This out-of-plane tensile strain gives rise to in-plane compressive
stress within the damage region which is dependent upon the implantation temperature.
Moreover, H-implantation at higher temperature produced much less out-of-plane tensile
strain in comparison to the low temperature implantation. The origin of this induced strain
within the damage region is related to the implantation-induced distortion of the crystal
lattice in the form of point defects and there clusters (Chen & Di et al., 2008). It was reported
by Singh et al that instead of hydrogen, He-implantation can also be used for achieving layer
splitting in InP (Singh et al., 2006). This is because in InP the diffusivity of the implanted He
ions is not very sensitive to the implantation temperature. In this report four-inch diameter InP
wafers were used and the implantation temperature was kept at either RT or -15 °C. This
resulted in controlled surface blistering/exfoliation only after the post-implantation annealing
in the temperature range of 225 to 400 °C. Moreover, in this work, 100 keV He implantation
was done with a fluence of 5 x 1016 cm-2. This resulted in the formation of implantation-
induced extended defects. Such defects are in the form of microcracks located within the
damage band after post-implantation annealing at 250 °C (Fig. 8). These microcracks after
post-implantation annealing at 250 °C for sufficient long time of about 30 min undergo
agglomeration and are responsible for the surface blistering/exfoliation (Singh et al., 2006).

T

micro-cracks

Fig. 8. XTEM image of the damage band of 100 keV He implanted InP with a fluence of 5 x
106 cm-2 and annealed at 250 °C for 25 min (Singh et al., 2006). Reprinted with permission
from Singh et al., (2006), Elsevier

He ion implantation in combination with direct wafer bonding was also used for the transfer
of InP layer onto Si. It results in the formation of InP-on-insulator engineered substrate. For
instance, He implanted InP wafer with spin-on-glass (SOG) layer was used in the wafer
bonding with oxidized Si wafer. The post-implantation annealing of this bonded pair at
relatively low temperature of 200 °C for sufficiently long time of 20 hr results in the transfer
of thin InP layers onto the Si substrate (Singh et al., 2010). This provides an attractive
platform for the fabrication of single crystalline layers of device quality which has potential
to reduce the cost of fabricated devices based on this InP-on-insulator technology. The other
way of layer transfer of InP can be done by using lattice matched InGaAs. The trick involves
in this technique is to keep away the InP from ion implantation and actually perform the H-
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implantation in InGaAs using InP/InGaAs heterostructure (Chen & Jing et al., 2008; Dadwal
et al., 2011). The energy of the implanted H ions is chosen in such a manner that it creates
maximum damage only within the InGaAs. The advantage of using InGaAs is to achieve the
control blistering only after post-implantation annealing at the elevated temperature due to
the weak dependence of H diffusivity in it. Therefore, the H-implanted InP/InGaAs
heterostructure can be used potentially for the transfer of thin InP layers on the in-expensive
substrate like Si using direct wafer bonding technique and subsequent annealing. This
allows the fabrication of high quality InP layers which are almost free from any growth
related defects, and hence it results in the decrease of carrier scattering with enhanced
device performance (Chen & Jing et al., 2008; Dadwal et al., 2011).

5. GaN

The nitride technology is quite dominant in the field of optoelectronics, high frequency and
high power devices (Padilla et al., 2010). In the main list it includes blue, deep ultra violet
(UV) high brightness light emitting diodes (HBLEDs), laser diodes (LDs), UV detectors and
high electron mobility transistors (HEMTs). This has significant impact on the modern high
definition (HD) display and solid state lighting. However, the main barrier in the
commercialization of these nitride devices is in terms of their cost. The reasons of this are
lack of availability of the high quality materials and various technical issues related to the
manufacturing of their devices. In particular, GaN has drawn lot of interest in the today
nitride technology from the prospect of ion-cut process in the III-V nitrides. Inspite of highly
expensive free standing fs-GaN substrate, using ion-cut process, one can re-use the same
substrate in multiple times which ultimately reduces the cost of fabricated devices. With this
advantage, the applications of ion cut process in GaN are mostly explored by the H-
implantation but on a small scale (Moutanabbir et al., 2010). Hence in order to fully employ
this ion-cut process in GaN, understanding of the layer splitting mechanisms is very
essential, which can be done by studying the implantation-induced surface
blistering/exfoliation (Moutanabbir et al., 2010). When GaN is implanted by H ions with
suitable implantation parameters followed by annealing at particular parameters, it results
surface blistering in the as-implanted state as well as after post-implantation annealing (Fig.
9) (Dadwal et al., manuscript under preparation).

Fig. 9. Nomarski optical image of the 100 keV H* ion implanted GaN with a fluence of 2.5 x
107 cm-2 at RT after post-implantation annealing at 500 °C for 30 min (Dadwal et al.,
manuscript under preparation).
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H-implantation in GaN usually requires a higher fluence for the surface blistering/layer
splitting to occur after post-implantation annealing at higher temperature. The critical value
of a fluence in the 100 keV H implanted GaN is about 2.5 x 107 cm-2 (Tauzin et al., 2005).
This minimum required fluence is order of magnitude higher than the conventional H
implanted semiconductors like Si and GaAs, respectively. There are many reasons which are
responsible for this higher H-implantation fluence in GaN, such as very efficient dynamic
annealing of the implantation-induced defects, interaction and trapping of the H with the
induced defects and some particular properties of the GaN (Kucheyev et al., 2001).
Moreover, due to the efficient dynamic annealing nature of the induced defects, they
undergo defects annihilation even during the implantation if the implantation temperature
increases to a higher value. Hence, higher temperature implantation can result in easier
agglomeration of the induced defects, which shows surface blistering/exfoliation in the as-
implanted state. This surface blistering/exfoliation is due to the formation of the H-induced
defects within the damage region. The damage region investigations have shown that these
induced defects could be of the type of point defects Vi, point and H defects complexes
VcaVN, Vea-Hn for n<4 and eventually planer defects like nanovoids (Moutanabbir et al.,
2010) (Fig. 10a). After post-implantation annealing or H-implantation at higher temperature
results in the agglomeration of these defects to microcracks lying along different planes
within the damage band (Fig. 10b). These H-induced microcracks in an overpressurized
state undergo overlapping and combination to each other, and hence resulted in surface
blistering/exfoliation. However, the way with which H interacts with the lattice atoms
during the implantation and after post-implantation annealing is a subject of further study.

[0001]I

Fig. 10. High magnification XTEM images of the damage band in the 100 keV H* ion
implanted GaN with a fluence of 2.5 x 1017 cm-2 at (a) RT and (b) 300 °C in the as-implanted
state (Dadwal et al., manuscript under preparation).

The study of H-implantation-induced blistering can be extendable to the layer transfer work
also using direct wafer bonding. The epitaxial grown thin film of GaN on sapphire has
shown a layer transfer onto the foreign sapphire substrate (Tauzin et al., 2005). However in
the case of free standing fs-GaN substrate, only partial area layer transfer is achievable so far
(Moutanabbir et al., 2010). One of a main obstacle of this is the implantation-induced in-
plane compressive stress within the damage band, which leads to bowing of the whole GaN
wafer away from the implanted surface. For example, in the case of two inch H implanted
fs-GaN wafer, the RT H-implantation results in increase of the wafer bow from its original
value of 1-2 pm to higher value of more than 20 pm, which makes difficulty in its bonding
with other wafer. One of the suggested method in order to minimize this wafer bowing
problem is by performing H-implantation in the back side of the already H implanted GaN
wafer. This can results in decrease of wafer bow of the H implanted GaN wafer with
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effective bow value is sufficiently lower for performing direct wafer bonding (Moutanabbir
et al, 2010). Hence for the success of ion-cut process in GaN, understanding of the
implantation-induced stress behaviour is very important. In this context the latest studies
have shown that, implantation-induced stress is strongly depends upon the implantation
temperature (Padilla et al., 2010). The analysis showed that there exists biaxial stress in the
damage region for the implantation at different temperatures. This means that the out-of-
plane tensile strain induces in-plane compressive stress in the damage region. The measured
compressive stress was about -1.0 GPa in the LN> and about -0.5 GPa in the RT implanted
GaN samples after post-implantation annealing at 500 °C for 30 min (Dadwal et al.,
manuscript under preparation). The H-implantation at low temperature have very less
dynamic annealing effects, which results in large implantation-induced damage and hence
large induced stress in comparison to the RT implanted GaN. Therefore, the RT
implantation could be an effective way for the GaN layer splitting, but only partial success
has achieved. This ion-cut process using fs-GaN wafer has unique technological importance
because once this process is optimized completely, it will enable various types of highly
efficient and low cost nitride devices.

6. AIN

The nitride technology has also attracted great attention towards AIN next to GaN due to its
higher direct bandgap and thermal conductivity, and along with some other special physical
properties (Dadwal et al., 2010). Hence, it makes AIN as a perfect material for the fabrication
of high power lasers and highly efficient UV optoelectronic devices. Another advantage of
AIN is its high melting point which is almost double than Si. This makes it as an excellent
candidate for the device applications which need to work at high temperatures. In addition,
its radiation hardness aspect makes it suitable material for space and military applications.
However, the AIN technology is still in their infancy stages and it needs a greater look-up to
study this material not only in the technological but material point of view also (Dadwal et
al.,, 2010). But the fs-AIN wafers are very expensive and are mostly available upto two inch
of diameter. Hence working on these lines, the recent studies are concentrated more towards
the material aspects of AIN epitaxial layers and the possibilities of combining it with ion-cut
process (Dadwal et al., 2010). Once the ion-cut process gets its maturity in AIN, one can
think about the reduction of cost of this AIN technology. Even the high quality epitaxial
layers of AIN in combination with ion-cut process have a potential for the fabrication of low
cost nitride devices. That is why, first part of the ion-cut process which is ion implantation-
induced damage study is mostly considered in the recent studies (Dadwal et al., 2010; Singh
et al., 2010). It mostly includes the influence of H-implantation and post-implantation
annealing parameters on the induced damage. These investigations show that depending
upon the implantation and annealing parameters, H-implantation in thin film AIN results in
the formation of surface blistering/exfoliation either in the as-implanted state or after post-
implantation annealing at higher temperature (Fig. 11).

In addition to the surface blistering/exfoliation in H implanted AIN, large area exfoliation is
also observed after post-implantation annealing for the implantation at higher temperature
of 300 °C (Fig. 11b). It means that the exfoliated area extends over hundreds of square
micrometers. This is a special type of the surface deformation in the H implanted AIN and is
not observed in its other family of materials like GaN. Current investigations have shown
that such type of deformation in the H implanted AIN is probably due to the nature of



lon Implantation-Induced Layer Splitting of Semiconductors 401

Fig. 11. Nomarski optical microscopy images of the 100 keV H* ion implanted AIN with a
fluence of 1 x 1017 cm-2 at (a) RT and (b) 300 °C after post-implantation annealing at 800 °C
for 1hr (Dadwal et al., 2010).

extended defects like nano/microcracks distributions with in the narrow damage band (Fig.
12). The damage band is decorated with the H filled nanovoids which serves as precursors
for the surface blistering/exfoliation (Dadwal et al., 2010). These nanovoids after post-
implantation annealing agglomerate to nanocracks. This agglomeration happens parallel to
the implanted surface and is clearly shown in the Fig. 12b. These nanocracks finally
converted to the microcracks after post-implantation annealing for the sufficient long time
and which are responsible for the surface blistering/exfoliation. However, the further
investigations are underway in order to understand the large area exfoliation phenomenon
in detail. But if we consider these surface deformations from the ion-cut point of view, then
after direct wafer bonding there is no any practical difference between the surface
exfoliation and large area exfoliation. This is because of the fact that the host wafer acts as a
stiffener and it allow the implantation-induced surface deformations to migrate more
towards the lateral manner and parallel to the bonded interface during the annealing of the
bonded wafers at elevated temperature.

Damage band

[0001]|

Defects distribution

Sapphire(0001) ) o 100 nm

Fig. 12. (a) XTEM images of the damage band in the 100 keV H* ion implanted AIN at 300 °C
with a fluence of 1 x 1017 cm-2 and (b) High magnification TEM image of the same damage
band showing the narrow distribution of the extended defects (Dadwal et al., 2010).
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The value of a critical fluence for the surface blistering/exfoliation in H implanted AIN
after post-implantation annealing is 1 x 1017 cm-2 (Dadwal et al., 2010). This value of the
critical fluence is less than the H implanted GaN but higher than the conventional
semiconductors like Si. Since AIN and GaN has a same chemical structure, so one would
expect the same reasons could be also applicable for the high implantation fluence in the
H implanted AIN. The other aspect of AIN is the higher surface roughness of its thin film
and of fs-AIN wafer. The typical value of a root mean square surface roughness is about
25 nm, which is a very higher and is not acceptable for the direct wafer bonding.
However, unlike Si chemical mechanical polishing (CMP), the surface planarization of
AIN is difficult and its available technology is different and expensive than Si. In the
device point of view, AIN technology is still lacking behinds the other nitride materials.
But the device quality fs-AIN wafer in combination with ion-cut process have definite
possibilities to fabricate high quality AIN thin layers, which can provides fruitful platform
for the low cost AIN technology.

7. Other semiconductors

Ion-cut process has also been extended to some other technological important
semiconductors, like ZnO, GaSb and CdZnTe. In most of these semiconductors H-
implantation is explored in the initial investigations of the implantation-induced surface
blistering/exfoliation, which is then used in the layer transfer process (Hobart et al., 1999).
In this section a brief overview of the ion-cut process in these semiconductors is given.

7.12Zn0

H-implantation in ZnO is considered to be another valuable mean for the use of this
material in the high temperature operating devices just like AIN. However, H-implantation
in ZnO is mainly restricted onto the study of implantation-induced surface
blistering/exfoliation. This is because of ion-cut process in ZnO is not completely
investigated, especially related to wafer bonding part. In addition to this, the higher H-
implantation fluence requirement in ZnO makes large damage to the crystal structure,
which still needs greater investigations to apply this material for the layer transfer purpose.
Like GaN and AIN, H-implantation in ZnO also results surface blistering/exfoliation
depending upon the H fluence and annealing parameters. But, the minimum fluence for the
surface blistering/exfoliation to occur after post-implantation annealing is about 2.5 x 1017
cm-2 Hy* jons (Singh et al., 2010). This minimum fluence requirement is even larger than
nitride semiconductors like GaN and is could be due to the efficient dynamic annealing of
the induced defects. The implantation of H ions less than this critical fluence does not show
any surface blistering even after post-implantation annealing at higher temperature.
However, H-implantation with a fluence of 2.8 x 1017 cm-2 results surface exfoliation in the
as-implanted state (Singh et al., 2010). The investigation of H-implantation-induced damage
shows the formation of H-induced microcracks within the damage band in the as-implanted
state, which upon thermal annealing at higher temperature result in the formation of surface
blistering/exfoliation (Fig. 13). The thickness of the exfoliated ZnO layer is about 450 nm,
which is close to the projected range 400 nm of the 100 keV hydrogen ions in ZnO. This
projected range is calculated by the Stopping and Ranges of Ions in Matter (SRIM2003)
simulation program.
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Damage band

Microcracks

Fig. 13. XTEM image of the damage band in the 100 keV Hy* ion implanted ZnO with a
fluence of 2.5 x 1017 cm-2 in the as-implanted state (Singh et al., 2010). doi:10.1088/0268-
1242/22/11/003

The higher implantation fluence for the surface blistering in ZnO is directly related to the
higher implantation time requirement to fulfil the required fluence. This means that implanted
H ions needs sufficient time to interact with the host lattice atoms and form defect sites, which
then acts as source for the extended defects like microcracks formation during the higher
temperature treatment. The layer splitting of ZnO is still not achieved. Therefore it needs
thorough study of the surface blistering/exfoliation and its wafer bonding.

7.2 GaSb

GaSb epitaxial layers can be transferred using H ion implantation and direct wafer
bonding technique. The H-implantation in GaSb with a fluence of 5~8 x 1016 cm-2 at RT
results surface blistering after post-implantation annealing at 60-600 °C (Hobart et al.,
1999; Zheng et al., 2000). The thermal annealing treatment of the H implanted GaSb is
studied for time 1 to 80 min under both isothermal and isochronal conditions. In both
annealing conditions there is an increase of the lateral size of surface blisters/exfoliated
regions (Zheng et al., 2000). The blistering kinetics study showed activation energy value
each for the higher and lower annealing temperature regime. That is 0.30 eV in the
annealing temperature range of 90-230 °C and 1.8 eV in the annealing temperature lower
than 90 °C (Zheng et al., 2000). The higher temperature activation energy is related to
diffusion of the implanted H in the damage lattice. Whereas lower temperature activation
energy may be governed by the trapping-detrapping mechanisms of the induced defects
similar to H implanted Si. The onset time for the surface blistering at higher annealing
temperature is much shorter than the annealing at the lower temperature. These
parameters of the blistering study are applied in the thin layer transfer of n-type GaSb
onto GaAs wafer by using borosilicate glass (BSG) as an intermediate layer. The H
implanted GaSb wafer is than bonded with GaAs at RT followed by annealing at 100 °C
for 2 hr. The final layer splitting is then achieved by annealing of the bonded wafers at 160
°C for 30 min (Zheng et al., 2000).

7.3 CdZnTe

H-implantation-induced surface blistering/exfoliation study is also extended to ternary
semiconductors like CdZnTe (Miclaus et al., 2005). Again, the main motive of these studies
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is to find out the possibilities of the layer transfer of CdZeTe depending upon its
constituents molar concentration. For example, H-implantation in CdogsZegosTe is studied
for the implantation energy in the range of 40-200 keV with an ion fluence of 5 x 1017 cm-2
(Miclaus et al., 2005). The co-implantation work using boron (B) (5 x 101> cm-2, 147 keV) and
H (5 x 101 cm-2, 40 keV) is also used for the implantation at 77 or 273 K (Miclaus et al.,
2005). The H implanted samples at low temperature of 77 K results in surface blisters after
post-implantation annealing at 150-300 °C. However, implantation at 253 K does not result
surface blistering even after post-implantation annealing at higher temperature. This
pronounced blistering phenomenon at lower implantation temperature is could be due to
the less efficient dynamic annealing of the induced defects. In addition, co-implantation of
H with boron (B) at lower temperature results in surface blistering with an advantage that
blistering occurs at lesser annealing time for an annealing temperature which depends upon
both implanted ions fluence. The increase in H fluence leads to the decrease of implantation-
induced blistering time. This means that B-implantation promotes the damage formation
and H-induced internal pressure within the damage region for the surface blistering
(Miclaus et al., 2005).

8. Conclusions and future perspective

We have presented an overview of the ion implantation-induced surface
blistering/exfoliation and their use for the layer splitting of the different technological
important compound semiconductors. In most of these semiconductors H-implantation-
induced blistering/exfoliation was investigated for the potential application in ion-cut
process. In the case of Si, Ge and SiGe alloys, both controlled blistering as well as layer
splitting/transfer has been successfully demonstrated in the earlier studies. However, in the
case of III-V semiconductors like GaN and AIN, they are reportedly very resilient to H-
implantation-induced damage due to the dynamic annealing effects. The critical H fluence
for the surface blistering in GaN is 2.5 x 1017 cm-2, whereas in AIN it is 1 x 107 cm-2
However blistering kinetics shows that, the blistering occurs at lower post-implantation
annealing temperature in the case of H implanted GaN in comparison to the H implanted
AIN. This fact is very important in the case of ion-cutting process because of the
heterogeneous wafer bonding where low temperature annealing is preferable. This
blistering study has its main significance in the layer splitting of these nitride
semiconductors for the establishment of low cost nitride technology. The free standing
wafers of GaN and AIN are very expensive and are mostly available in the small sizes. But
using these free standing wafers one can transfer its multiple layers onto the foreign
inexpensive substrate. As a result these free standing wafers can be utilized for multiple
times which ultimately reduce the cost of fabricated nitride devices. The H-implantation in
others compound semiconductors like GaAs and InP for the layer splitting purpose is
more or less not appropriate due to its high diffusivity in the damage region. This makes
the process very sensitive to the implantation temperature and if implantation parameters
go beyond the critically defined window parameters, then no blistering/exfoliation will
occur at all. Hence during H-implantation, the temperature at which implantation is
perform should be properly checked in order to achieve the controlled surface blistering
only after post-implantation annealing. However, He-implantation is an appropriate
alternative in order to achieve the controlled surface blistering and layer splitting of GaAs
and InP. This is because the He is less mobile within the implantation-induced damage,
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which results its less sensitivity towards the implantation temperature. Hence using He-
implantation and direct wafer bonding technique, GaAs layer has been successfully
transferred onto the foreign substrate Si. Similarly using He-implantation, InP layer
transfer is also successfully demonstrated onto the Si substrate. In addition to this, the
layer transfer of nitride semiconductors like GaN and AIN is not fully achieved. Only the
epitaxial layers of GaN has been successfully transferred onto the sapphire substrate
using H-implantation and direct wafer bonding technique. However, till now the layer
transfer from the free standing GaN substrate is only partially attained. The minimum
critical fluence for the controlled surface blistering in the H implanted GaAs and InP is
about two times lesser than the H implanted GaN, AIN and ZnO. Moreover, the
fundamental mechanisms behind the H ion implantation-induced surface
blistering/exfoliation in these compound semiconductors are not fully understood, even
though in some of the compound semiconductors the layer transfer is fully achieved such
as GaAs and InP. In fact, the H-induced layer splitting mechanisms is not completely
understood even in the conventional semiconductors also like Si and Ge. Hence, further
investigations are required in these technological important semiconductors in order to
fully explore the advantages of the ion-cut process.
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1. Introduction

The intermetallic Titaniumaluminides are expected to have a high potential as material in
high temperature technology. Their high specific strength at temperatures above 700°C
offers the possibility for manufacturing components of aerospace and automotive
industries. With a specific weight of 50% of that of the widely used Ni-based superalloys
TiAl is very suitable for fast rotating parts like turbine blades in aircraft engines and land
based power stations, exhaust valves or turbocharger rotors. Thus lower mechanical
stresses and a reduced fuel consumption are expected. In contrast to these benefits TiAl
shows insufficient oxidation resistance at temperatures above 750°C (Rahmel et al., 1995).
To reach higher service temperatures a protective alumina scale would be needed. A
surface modification avoids any detrimental influence on the excellent mechanical
properties of the material. By using the “halogen effect” a dense protective alumina scale
was formed after doping the metal surface with small amounts of chlorine (Kumagai et
al., 1996; Schiitze & Hald, 1997; Donchev et al.,, 2003; Schumacher et al., 1999a;
Schumacher et al., 1999b; Hornauer et al., 1999). The halogen effect can be explained by a
thermodynamic model assuming the preferred formation and transport of volatile Al-
halides through pores and microcracks within the metal/oxide interface and their
conversion into alumina, forming a protective oxide scale on the surface (Donchev et al.,
2003). However the alumina scale fails during thermocyclic loading of Cl-implanted TiAl-
samples. Based on this model comprehensive calculations have been performed for
fluorine and TiAl predicting a positive effect. The results of thermodynamical
calculations have to be transformed into F-concentrations. The beam line ion implantation
is chosen as a method of F-application because of its accuracy and reproducibility. By
varying the implantation parameters optimal conditions have to be determined to meet
the region of F-amounts necessary for a positive F-effect. The implanted F-depth profiles
can be verified by the non-destructive ion beam analysis method PIGE (Proton Induced
Gamma-ray Emission). The alumina scale formed via the F-effect is adherent even under
thermocyclic conditions. However technical use is only possible if the fluorine effect can
be stabilized for a time of at least 1000 hours. Hence after the alumina scale formation the
stability of oxidation protection depends on the behaviour of the implanted fluorine vs.



410 lon Implantation

oxidation time. This work is dedicated to the role of fundamental material parameters
related to the stability of the fluorine effect at TiAl

Ni-base superalloys with Al-contents of less than 10 wt.% are widely used in high
temperature technology due to their superior mechanical properties. In contrast to this their
oxidation resistance may be insufficient at temperatures above 950°C. Oxidation of these Ni-
base alloys does not form a pure protective continuous alumina scale on the surface, but
rather a complex layer structure of spinel phases and a significant amount of internal
oxidation is formed (Litz et al., 1989). However the formation of a dense continuous alumina
scale without significant internal oxidation would theoretically be possible, if a ,critical” Al-
concentration N, is realized. In this work a new concept for the formation of a protective
alumina scale on the surface is presented. The change from a non-protective discontinuous
internal to a continuous dense protective external alumina scale can be achieved by an
“artificial” increase of the Al-activity on the surface. This can be realized via the halogen
effect at Ni-based alloys. Thermodynamical calculations show the existence of a region for a
positive fluorine effect for the Ni-based alloys, e. g. IN738 and IN939 at temperatures
between 900-1200°C. These results have to be transformed into fluorine concentrations by a
screening using fluorine ion implantation.

2. Materials and methods

Cast y-TiAl (Ti-50 at.% Al) and the technical y-Met alloy (46.6 at.% Al) manufactured by
powder metallurgy were prepared as coupons of size 8*8*1 mm3 and polished with SiC
paper down to 4000 and 1200 grit resp. Microstructural investigations showed minor
amounts of the ar-Ti3Al phase (lamellar structure) within the y-TiAl phase. For the F-
implantation fluences between 1x1016 and 4x10'7 F cm2 were used. The ion energy of 20 keV
corresponds to a mean projected range of 35 nm for F-ions in TiAl. The coupons of Ni-based
alloy IN738 with a size of 10¥*10*1 mm?3 were polished down to 4000 grit. Fluorine ions with
fluences between 1x101¢ and 4x107 F cm?2 were chosen for the implantation. With an
energy of 38 keV a projected mean range of 35 nm in IN738 has been achieved.

All beam line implantations were carried out at the 60 kV implanter of the Institute of
Nuclear Physics (IKF) of the Johann Wolfgang Goethe - University in Frankfurt/Main using
CF, in the gas source. The fluorine concentration depth profiles were determined by using
the non-destructive PIGE-technique (Tesmer & Nastasi, 1995). The PIGE measurements
were performed at the 2.5 MV Van de Graaff accelerator of the IKF using the nuclear
reaction 19F(p, ay)1€O at resonance energies of E,=340 keV and 484 keV, resp., and detecting
the high energetic y-rays (5-6 MeV) with a 10 inch Nal-detector. The information depth of
the PIGE depth profiling is within 1.4 - 1.5 pm, whereas the depth resolution near the
surface is about 10 nm. The non-destructive RBS (Rutherford Backscattering Spectrometry)
using He-ions of 2 and 3.53 MeV enables the determination of O, Al and Ti-depth profiles
simultaneously. For the TGA (Thermo-Gravimetric Analysis) mesurements both sides and
all edges of the specimens were implanted.

The TiAl-samples were oxidized isothermally and thermocyclically (cycles of 1 h and 24 h)
in a furnace at 900°C and 1000°C in lab air.

The Ni-alloy samples were oxidized isothermally between 12 h and 1000 h at 1050°C. Finally
all samples were inspected by metallographic methods and SEM.
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3. Surface modification of TiAl by fluorine ion implantation
3.1 Principles of the halogen effect for TiAl

y-TiAl with an Al-content between 44 and 50 at.% has a very promising prospect in high
temperature application (fig. 1). In contrast to the good mechanical properties at
temperatures above 750°C the TiAl-surface is covered with a porous titania scale on top and
a porous scale of fast growing mixed titania and alumina underneath (fig. 2). This scale
does not hinder the further inward diffusion of oxygen and nitrogen leading to the conti-
nuous formation of this mixed oxide scale. Already after 12 h at 900°C the scale thickness
exceeds 10 um. Finally, these processes will lead to a rapid destruction of the alloy (fig. 2).
The insufficient oxidation resistance of TiAl can be improved by using the halogen effect.
The principles of the halogen effect at TiAl are illustrated in fig. 3 for fluorine.
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Temperature (°C)
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500 . . . .
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Metal/Oxide Interface
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Fig. 2. Untreated y-TiAl after oxidation (12h/900°C/air). Left image: A brittle white TiO,-
layer is visible on top. Right image: Metallographic cross-section. A TiO,-top scale and
underlying mixed Al,O3/TiO:-scale covers the surface. The Ni-coating comes from the
metallographic preparation.
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Fig. 3. Principle reactions of the F-effect at TiAl (Donchev et al., 2003).

A preferred formation of Al-fluorides occurs, if their partial pressure is significantly higher
than that of the Ti-fluorides formed. Thus, the Al-fluorides migrate to the surface where they
disintegrate to F> and Al, which is oxidized to alumina due to the increasing oxygen partial
pressure. The free gaseous fluorine is able to return into the subsurface zone to form Al-
fluorides again. This cycle process leads to the formation of a thin protective ALO; - scale.
Thermodynamic calculations for TiAl with Al-amounts between 40-50 at.% using the software
FactSage (FactSage) show the existence of a region with significantly higher partial pressures
of Al-fluorides compared to Ti-fluorides as depicted in fig. 4 (Masset & Schiitze, 2008). In this
case a AlF-partial pressure of at least 108 bar is required to form and to transport a significant
amount of Al to the surface (Fergus, 2002). By increasing the total F-partial pressure to p(F)min at
first the partial pressure of AIF meets this condition and the window for the F-effect is open. If
the total F-partial pressure exceeds the value of p(F)max the partial pressures of competing Ti-
fluorides become significant. Thus the window for the F-effect is closed. The existence of a
window for the F-effect at TiAl was found for temperatures between 900 and 1200°C defining a
corridor for the F-effect for this temperature range (Donchev et al., 2003).
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Fig. 4. Partial pressure of several metal fluorides vs. F-total partial pressure for Ti60Al40 at
900°C (calculated with FactSage). The region for a positive F-effect is located between the
total F-partial pressures of p(F)min and p(F)max-
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3.2 Determination of the optimal F-concentration for the F-effect in TiAl
3.2.1 F-implantation and non-destructive analysis of the implantation profiles

The corridor for the F-effect found in 3.1 is expressed in terms of fluorine partial pressures.
However, for practical applications the fluorine concentration in TiAl is needed. Thus this
corridor has to be transformed into a corridor for F-concentrations (in at.%). However there
is no equation between F-pressures and F-concentrations to allow a direct calculation.
Therefore a screening has to be performed to study the oxide scale structure after oxidation
at 900°C with respect to different fluorine amounts within the near-surface region. The
beam line ion implantation was chosen because of its accuracy and reproducibility. Based on
TRIM-calculations (Ziegler et al., 1995) a F-energy of 20 keV was chosen corresponding to a
projected range of about 35 nm (fig. 5).

350 . . . .
300l Rapge .of F-lons P
in Ti50Al "
. e
250 (calc. with TRIM 95)  .* T
—_ e
E 200¢ o 1
© e
& 1s0f e 1
¢ -~
100 -~
500 ot 1
O v 1 1 1 1
0 50 100 150 200

F-lon Energy [keV]

Fig. 5. The projected range for F-ions in TiAl calculated by using TRIM.

The calculation of the F-implantation profiles by using the Monte Carlo-software T-DYN
(Biersack, 1999) allows to design the ion implantation prior to the experiment. The calculated
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Fig. 6. F-implantation profiles in y-TiAl calculated with Monte Carlo simulation software T-DYN.



414 lon Implantation

F-depth profiles between the fluences of 5 x 1016 F cm2 and 5 x 1017 F cm2 /20 keV are
illustrated in fig. 6 revealing the corresponding maximal F-concentrations between 15 and
70 at.%. Due to a sputtering yield of 0.60 the saturation effects occur remarkably above a
fluence of 4 x 107 F cm-2. The non-destructive PIGE-technique was used to determine the
fluorine concentration depth profiles within the first 1.5 pm of the ion implanted samples
before and after oxidation. By using the resonance depth profiling the implantation profiles
can be verified as depicted in fig. 7. A CaF; - single crystal is used as a standard for the
quantification of fluorine in at.%.
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Fig. 7. F-implantation profiles in y-TiAl calculated with Monte Carlo simulation software T-
DYN and measured by using PIGE.

The F-maximum is shifted into a depth of 35-45 nm in order to obtain a lower loss of
fluorine during the heating process. The small deviations at the surface may be caused by
sputtering whereas the differences at the end of the ion range may be influenced by
secondary ion collisions.

3.2.2 Screening of the implantation parameters
The screening consists of the following steps:

1. Calculation of the F-depth profiles by using Monte Carlo-software T-DYN.

2. F-ion implantation by using the implantation parameters (fluence, ion energy)
determined in item 1.

Verifying of the F-depth profiles by using PIGE.

Oxidation of the implanted samples (24-120h/900°C/ air).

Measurement of F-depth profiles by using PIGE.

Metallographic cross-section preparation.

Metallographic inspection of the oxide scale by using SEM/EDX.

Definition of the next set of implantation parameters and switch to item 1.

PN

As a criterion for the screening the stability of the F-effect for an oxidation of at least
120h/900°C is required.
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Fig. 8. Cross-section of implanted y-TiAl (5x 10 F cm2 /20 keV). The small pictures show
the surface. Left image: After oxidation (12h/900°C/air) the surface is covered with a grey
thin alumina scale. Right image: After oxidation (120h/900°C/ air) the surface is covered
with a grey alumina scale, but a mixed oxide scale with a TiO; - scale on top grows partly
on the surface. The Ni-coating is from the metallographic preparation.

A fluence of 1016 F cm2 /20 keV gives a F-concentration which is too low for the F-effect.
Fig. 8 illustrates the initial formation of a thin alumina scale of a TiAl-sample implanted
with a fluence of 5 x 1016 F cm?2 /20 keV. After short oxidation (12h/900°C/air) the
implanted surface is covered completely with an alumina scale. However after an oxidation
time of 120h the surface is covered partly by a fast growing mixed oxide scale with TiO, on
top. After implantation of 1017 F cm2 /20 keV the alumina scale formed remains stable after
oxidation of 120h/900°C/air (fig. 9). To obtain a higher F-concentration a fluence of 2 x 1017
F ecm2 /20 keV shows the best results even after long term oxidation (fig. 10, 11). The
samples implanted with fluences of 3 x 107 F em2 /20 keV and more show no sufficient
alumina scale growth.

TiAl Ul
ALLO; -scale AlLO; - scale
Ni-coating By ik U 5
Ni-coating

Fig. 9. Cross-section of implanted y-TiAl (1017 F cm2 /20 keV). The small pictures show the
surface. Left image: After oxidation (12h/900°C/air) the surface is covered with a grey thin
alumina scale. Right image: After oxidation (120h/900°C/air) the surface is covered with a
grey alumina scale, only minor amounts of a mixed oxide scale have been formed at the
non-implanted edges with a TiO; - scale on top.
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Fig. 10. Non-protective mixed oxide scale on an untreated y-TiAl- sample after oxidation
(12h/900°C/ air).
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Fig. 11. Protective alumina scale on a F-implanted y-TiAl-sample (2 x 1017 F cm2 /20 keV)
after oxidation (1000h/900°C/ air).

As a result of the screening an optimal set of implantation parameters (2 x 107 F cm2 / 20
keV) has been obtained showing the formation of a pure and dense protective alumina scale
on the TiAl-surface (Zschau et al., 2002). This fluence corresponds to a maximal initial F-
amount of about 44 at.% as known from the calculation with T-DYN (fig. 6).

3.3 Behaviour of the implanted fluorine during the oxidation of TiAl
3.3.1 Fluorine profile and alumina scale formation

The non-destructive measurement of the F-depth profiles of implanted and oxidized TiAl-
samples by using PIGE reveals a typical shape which can be divided into 3 characteristic
regions as shown in fig. 12 (Zschau et al., 2002). Starting with a negligible F-amount on
the surface and within the initially formed alumina scale the F-concentration increases to
a maximum value Cgmax Jocated at the metal/oxide interface. The position of the
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metal/oxide interface can be verified by RBS-measurements revealing the depth profiles
of O, Al and Ti (fig. 13). Within the metal the F-concentration decreases. The shape of the
F-profile reveals a distinct F-enrichment in the metal/oxide-interface supporting the
suggested mechanism. The alumina scale acts as a diffusion barrier and prevents the F-
loss via the surface. On the other hand, the fluorine diffuses into the metal. Thus, the
behaviour of the F-reservoir at the metal/oxide-interface during long term oxidation
determines the stability of the F-effect. Therefore a stable oxidation protection of TiAl is
connected to the presence of a F-reservoir at the interface between the formed Al:Os-scale
and the metal. Additionally the fluorine stimulates the repeated formation of the
protective alumina scale once it has been damaged locally.
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Fig. 12. F-depth profile of a y-TiAl sample after oxidation (12h/900°C/air) obtained by PIGE.
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Fig. 13. Depth profiles of O, Al and Ti of a y-TiAl sample after oxidation (12h/ 900°C/ air)
obtained by RBS.

3.3.2 Dependence of the F-profiles during heating

The fluorine profiles implanted into TiAl undergo a rapid alteration during the heating
process. Starting as a typical implantation profile determined by the fluence and the energy
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of the F-ions, the maximum F-concentration Cgmax decreases rapidly after reaching a
temperature of 500°C. By using a fluence of 2 x 1017 F cm2 /20 keV the F-maxima drop to a
value of about 5 at.% after oxidation of 1h/air as depicted in fig. 14. The pronounced F-loss
is caused by the evaporation of gaseous Ti-fluorides, especially TiF; (Zschau et al., 2005).
For temperatures up to 700°C fluorine is present within the near-surface region as a result of
the transport to the surface. If the fluorine could escape also at higher temperatures, the F-
effect would not be able to work. However at 800°C the oxide growth changes from a mixed
ALO3/TiO; - type to pure Al,O3 as was proven by RBS-measurements. The alumina scale
formed inhibits the outward diffusion of fluorine drastically as illustrated by the F-profiles
at 900 and 1000°C in fig. 14.
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Fig. 14. F-depth profiles of implanted y-TiAl- samples (2 x 1017 F cm2 /20 keV) and after
oxidation (1h/air) at temperatures of 400-1000°C obtained by PIGE. The arrows denote the
position of the metal/ oxide-interface.

The development of the fluorine maxima vs. temperature for oxidation (1h/air) is summarized
in fig. 15. After the high F-loss between 400-500°C the F-maxima decrease slowly reaching
values of about 5 at.%. The integral fluorine concentration (dose) shown in fig. 16 drops to a
value between 1.2 and 1.4 x 107 F cm2. A stable oxidation protection is based on the further
behaviour of the F-maxima Crmax, The following sections are focused on the formulation of
basic parameters and their influence for the long term stability of the F-effect at TiAl .
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Fig. 15. Behaviour of the F-maxima Cgmax of implanted y-TiAl (2 x 1017 F cm2 /20 keV)
during oxidation (1h/air) obtained by PIGE.
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oxidation (1h/air) obtained by PIGE.

3.3.3 Dependence of the F-concentration during long-term oxidation of TiAl

From a technical point of view the parts manufactured from TiAl have to withstand
oxidation for service times of at least 1000 hours under cyclic conditions. Thus the time
behaviour of the F-reservoir during long-term oxidation has been investigated by using
PIGE after isothermal and cyclic oxidation at 900°C and 1000°C. The time dependence of
the F-maximum Cgmax is chosen to characterize the stability of the F-effect. The formation
of a protective alumina scale is confirmed by metallographic preparation and SEM
studies. For longer oxidation times the F-maximum drops to 1-2 at.% after 500h/900°C
(see fig. 17). By considering the F-profiles after isothermal oxidation up to 500h/900°C/ air

(fig. 17) a nearly stable F-concentration can be expected for oxidation times > 500 h.
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Fig. 17. Time behaviour of the F-depth profiles of implanted TiAl and after isothermal

oxidation (900 °C/ air).
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Fig. 18. An exponential decay function (1) with a constant term ¢y fits the time behaviour of
Cpmax (2 x 1017 F cm2 /20 keV) during isothermal oxidation (4000 h/900 °C/ air).

Treatment/Oxidation Parameters
A Co t
F-Implant. (900 °C/isoth.) 2.53 1.19 137.18
6.70 3.33 13.65
F-Implant. (900 °C/cycl.) 3.18 1.06 65.77
5.25 2.06 37.70
F-Implant. (1000 °C/isoth.) 418 0.27 97.27
5.41 1.37 59.03
F-Implant. (1000 °C/cycl.) 3.69 0.77 80.02
4.80 1.23 76.34

Table 1. Parameters of the function (1) describing the Cgmax — dependence after single F-
implantation (2 x 1017 F cm2 / 20 keV) and oxidation of TiAl. The parameters for double
implantation are in italics (see section 3.3.4).

In the case of isothermal oxidation at 900°C first results have been published in (Zschau &
Schiitze, 2008). After extending the oxidation time to 4000 h (fig. 18) a nearly constant time
behaviour of Cgmax is obtained as depicted in tab. 1. The SEM inspection confirms a dense
protective alumina scale on the sample surface revealing that the F-effect is still working.
The time dependence of Cgmax after passing the heating phase can be expressed by an
exponential decay function starting at t=12 hours of the following type (1), where t denotes
the time, t; a time constant, A the F-amount after the alumina scale has been established and
¢o the asymptotic F-concentration:

¢, ") =cp + A exp [—é] 1)

Equation 1 suggests that after formation of a dense alumina scale Cgmax decreases only
slightly approaching a constant value of co. The fit parameters summarized in tab. 1 allow
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the description of the F-reservoir essential for the oxidation protection reaching a constant
value of about 1 at.%. By increasing the oxidation temperature to 1000 °C the kinetics of
Cgmax corresponds also to eq. 1. The parameters in tab. 1 indicate that a fluorine content of
0.27 at.% stabilizes the F effect even at 1000 °C at least within 1000 h. Cyclic oxidation (1 h-
cycles/900 °C/air) was performed up to an oxidation time of 2592 h. Before starting the
cyclic process a preoxidation was performed to establish a dense alumina scale on the
surface. The time behaviour above 12 h of the F-maximum in fig. 19 has been fitted by eq. 1,
whereas the parameters in tab. 1 reveal the presence of about 1 at.% fluorine at the
metal/oxide interface. The remaining dose shows a constant value of about 7.5 x 1016 F cm-2
as can be seen in fig. 20.
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— vs. Oxidation Time
S 40t (1h - cycle/900°C/air) 1
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Fig. 19. Exponential decay function with a constant term fits the time behaviour of Cgmax (2 x
107 F cm2 /20 keV) for cyclic oxidation (2592h/900°C/ air).
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Fig. 20. The fluorine dose remains nearly constant for long oxidation times at TiAl (2 x 107
F ecm2 /20 keV) and cyclic oxidation (2592h/900°C/ air).
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The results for cyclic loading at 1000 h/1000 °C indicate the stability of the F-content also
under these extreme conditions as summarized in tab. 1. The F-maximum reaches values of
about 0.7 at.%.

In agreement with the metallographic inspections in fig. 21 it was demonstrated that an
excellent oxidation protection can be obtained already after single fluorine implantation.

The mass gain obtained by TGA-measurements depicted in fig. 22 shows the existence of an
alumina kinetics i. e. a slow growing alumina scale also for cyclic oxidation (24 h -
cycle/1000 h/900 °C/air). The excellent oxidation protection of a TiAl-alloy via the F-effect
has been demonstrated by the oxidation of a turbocharger rotor with and without fluorine
treatment for 1000 h at 1050°C in air (fig. 23). While severely corroded blades are observed
for the unprotected rotor, the F-treated rotor is intact and is covered with a protective
alumina scale (Donchev et al., 2006).

Ni-coating

Al;O; - scale

s

TiAl

AccV SpotMagn Det WD Exp |——————— 5um

200kV 40 5000x BSE105 4 F402_156

Fig. 21. A 2 pm thick protective alumina scale on F-implanted Gamma-Met (2 x 1017 F cm-2
/20 keV) after oxidation (1000h/1000°C/ air).
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Fig. 22. Mass gain vs. oxidation time of F-implanted Gamma-Met (2 x 1017 F cm2 /20 keV)
during cyclic oxidation (1000h/900°C/ air).
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Fig. 23. Turbocharger rotor manufactured from a y-TiAl-alloy after oxidation for 1000 h at
1050°C in air. Left image: Untreated rotor. Right image: Fluorine-treated rotor.

3.3.4 Increase of the F-reservoir by double F-implantation of TiAl

Despite the good results obtained for single step implanted samples in the present study the
formation of an increased F-reservoir should be performed. The basic idea is that the near-
surface implanted F - after having undergone a high F-loss during heating - has to stimulate
the formation of the alumina scale, whereas the deeper implanted fluorine acts as a reservoir
for longer oxidation time scales.

To optimize the set of implantation parameters numerous Monte Carlo - simulations were
performed by using the software T-DYN. The influence of the implantation parameters in
the case of double implantation is illustrated in fig. 24. From the results two implantation
strategies have been suggested. The first implantation is done with the higher energy (55
keV) followed by the second implantation with a lower energy (20 keV). In these cases the
implantation profiles show a near-surface peak with a maximum located in a depth of 30-40
nm, followed by a lower second peak in a depth of about 100 - 140 nm. The second strategy

60 T T T T T T T T T T T T T T T T T
| Double F- Implantation in y-TiAl

501 T-DYN - Simulation i
— v 20keV 1e17 at 55 keV 1e17
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T 40 o 55keV 1e17 at 20 keV 1e17
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Fig. 24. F-depth profiles for double implantation into TiAl calculated by using T-DYN.
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works in the reverse way: The high energy implantation is followed after a low energy
implantation. These profiles show a more flat behaviour, so that the difference between the
two maxima decreases. This can be explained by the implantation process: During the high
energy implantation a part of the ions collides with the near-surface fluorine from the
former implantation step leading to a smoother depth profile.

Interface Interface
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CHl I Implantation 1
‘S‘ a9 i 2x10""F cm™3 )
S 50l 20 keV i
I | 120h/900°C/ |
g 1,5 - . air i
e Malumina |
8 10} .
w r dalumina 1
>l h“v. |

0,0 bttmtlion Lot et '

0 200 400 600 800 1000 1200 1400 1600 1800
Depth [nm]

Fig. 25. F-depth profiles after oxidation of single implanted (120h/900°C) and double
implanted (96h/900°C) TiAl-samples (see text).

In principle, by using more implantation steps a nearly rectangular implantation profile can
be obtained. To choose a suitable set of implantation parameters one has to take into account
that the near-surface implanted F is reduced during heating. In contrast to this the deeper
implanted fluorine should be less affected by the fluorine loss. Therefore the F-reservoir
requires a lower F-maximum compared to the near-surface level. Keeping this in mind the
first strategy was chosen with 107 F cm2 / 55 keV as first and 107 F cm2 / 20 keV as the
second step. The difference between single and double implantation is illustrated by the
obtained F-depth profiles in fig. 25 after comparable oxidation times. Both F-maxima are
located at the metal/oxide interface. While in the single-step case the F-maximum is in a
depth of about 1250 nm, for the two-step sample the F-maximum occurs distinctly closer to
the surface. The underlying area - this corresponds to the remaining F-dose - after double
implantation is twice as high as that of the single implantation case. The near-surface region
without fluorine corresponds to the alumina scale. Once formed the alumina scale acts as a
diffusion barrier for fluorine and prevents further F-loss from the surface. From fig. 25 it can
be concluded that the alumina growth after two-step implantation is slower compared to the
single-step case. This is in agreement with the micrograph showing the cross-section in fig.
26. The alumina scale is characterized by a thickness of < 1 pm in most cases. In the
buckling structures F-enriched regions are visible which serve as main F-reservoirs.
Because of the 1 mm diameter of the proton beam spot of PIGE the F-depth profiles in fig.
25 represent an area averaged information. The time development of Cgmax for isothermal
and cyclic oxidation at 900°C/1000 h reveals a significantly increased F-reservoir at the
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metal/oxide interface. The fit-parameters according to equ. (1) for double implantation
are summarized in tab. 1.

Ni - coating
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Fig. 26. Alumina scale with F-reservoirs on the surface of a Gamma-Met 100-sample after F-
double implantation as described in the text and oxidation (1000h/900°C/air/isothermal).

3.3.5 Diffusion coefficient of fluorine in TiAl

After the growth of the alumina scale has been started, the remaining fluorine must be
localized within the metal/oxide interface to act as a reservoir for slow alumina growth
during long term oxidation protection of TiAl. Once formed, the alumina scale acts as a
diffusion barrier for the remaining F into the alloy preventing a further F-loss to the surface.
On the other hand, the time behaviour of the F-profiles during oxidation at 900°C, depicted
in fig. 27, suggests a slow diffusion process into the metal. A basic parameter for the stability
of this F-reservoir is the diffusion coefficient of F in TiAl at 900°C. There were no data
available up to now. Based on the F-depth profiles after oxidation of 12, 120, 250 and 500h at
900°C illustrated in fig. 27 a first determination has been performed (Zschau et al., 2007;
Zschau & Schiitze, 2008) by using the diffusion equation

oc o%c

Z=p== 2

ot ox? @
where c is the fluorine concentration in at./cms3, t is the oxidation time, x the distance from
the metal/oxide interface into the metal and D the diffusion coefficient in cm2/s. The
analytical solution is given by the formula (3) (Philibert, 1990)

c(x,t) = < exp ( -i ) ®)
" 2JDtr 4Dt

with Q denoting the number of fluorine atoms in at./cm? remaining at the metal/oxide

interface after oxidation of 12 h/900°C. By getting the logarithmic form of equation (3) the

diffusion coefficient D can be calculated as follows




426 lon Implantation

2
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2\/Dtrx 4Dt

which is a linear function with respect to x2. By supposing that after 2 hours of oxidation the
initial alumina scale has been formed and hinders the F-loss outwards, the diffusion of F
into the metal is the dominating process. After the transformation of the depth profiles the
fit of the parameter D leads to the results summarized in tab. 2.

Inc=In(

Oxidation time Diffusion Coefficient [10-15 cm?2/s]
120 h 2.55 +-0.84
250 h 0.72 +-0.18
500 h 1.41 +-0.51

Table 2. Diffusion coefficients of fluorine in TiAl at 900°C calculated from the fluorine depth
profiles of the implanted TiAl-samples. The mean value is D = 1.56 x 10-15 cm2s-1.
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Fig. 27. Time behaviour of the F-depth profiles of implanted (2 x 1017 F cm2 / 20 keV) TiAl
after isothermal oxidation (1, 12, 120, 250 and 500 h at 900 °C in air).

The F-profiles have been determined by using PIGE without removing the ALLOs - scale,
which may explain the scatter within one order of magnitude of the diffusion coefficient.
The influence of the chemical bonding of fluorine cannot be taken into account, because the
PIGE-technique is sensitive only to the nucleus F - independently of its chemical
environment. Additionally an irregular behaviour of the metal/oxide interface may
influence the scatter. The stability of the F-effect is determined by the main parameters as
illustrated in fig. 27: The Al;Os - scale as a diffusion barrier inhibits the F-loss to the surface,
whereas the low diffusion coefficient of F in TiAl of D = 1.56 x 10-15 cm2s-! limits the F-
diffusion into the metal. The knowledge of the diffusion coefficient allows the calculation of
the F-maximum Cgmac vs. oxidation time at 900°C (fig. 28). By setting Q = 1.26 x 1017 F-at.
cm2 as the number of F-atoms at the metal/oxide interface after 12 h of isothermal oxidation
(fig. 29) Cgmac shows a similar behaviour compared to the experimental values.
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Fig. 28. Modelling of the F-maximum Cgmax at the metal/oxide-interface during oxidation at
900°C.
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Fig. 29. Behaviour of the F-dose of implanted y-TiAl (2 x 1017 F cm?2 /20 keV) during
isothermal oxidation (1500h/900°C/air) obtained by PIGE.

3.4 Surface modification of Ni-base superalloys by fluorine ion implantation
3.4.1 Principles of the halogen effect for Ni-base superalloys

Most technical Ni-base alloys are so-called borderline materials from an oxidation point of
view, i. e. their Al-contents of 2-5 wt.% are not sufficient to form a continuous dense and
protective aluminium oxide layer on the surface. Unprotected Ni-base borderline alloys
form a fast growing mixed oxide scale consisting of oxides and spinels from Ni, Cr, Al and
other alloying elements with high metal consumption rates and limited barrier effect against
ingress of species from the operating environment. Underneath the fast growing oxide scale
internal oxidation takes place leading to discrete aluminium oxide particles which do not
form a continuous diffusion barrier (Litz et al., 1989; Nickel et al., 1999; Pint et al., 2006).
Additionally nitrides are formed at the metal/oxide interface due to the inward diffusing
nitrogen. As one possibility to protect these alloys against oxidation at temperatures above
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1000°C Al-rich coatings were applied. Today this method has become a state-of-the-art
process for the manufacturing of components for high temperature technology like turbine
blades for gas fired power stations and aircraft engines. Typical borderline alloys are IN738
and IN939 whose compositions are given in tab. 3.

| Alloy Ni Co C Al W Mo C Ti Ta Others |
| IN738 6113 90 1600 330 170 260 017 350 170 0.90Nb
IN939 4835 20 22 14 2 015 38 13  10Nb

Table 3. Composition of the Ni-base alloys IN738 und IN939 (in wt.%).

Wagner's oxidation theory (Kofstad, 1988) predicts the formation of a dense alumina scale,
if the Al-activity is sufficiently high. Based on this a detailed calculation of the minimum
(or critical) Al-concentration N. for several Ni-base alloys has been performed (Zschau et al.,
2009a). Three groups of alloys were considered according to their Al-content: Chromia
formers (group 1), alumina formers (group 2) and bond coats (group 3). The results
summarized in fig. 30 reveal a strong dependence of N. on temperature, but only a weak
dependence on the chemical composition of the alloy. By considerung the alloys of group 1
the formation of a protective external Al;O; - scale is possible above the borderline (i. e. the
calculated N, - curve), whereas beneath the borderline internal oxidation of Al takes place.
The basic idea is to shift the borderline between alumina and chromia formers to lower Al-
concentrations which allows the formation of a dense alumina scale at lower Al-contents of
the bulk alloys. This can be achieved by increasing the outward mobility of Al on the
surface by using the halogen effect. The halogen effect was applied already succesfully for
TiAl-alloys as shown in the previous sections.
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Fig. 30. Calculated minimal Al-concentration N, required for the formation of a continuous
alumina scale (external oxidation) for several Ni-based alloys (Zschau et al., 2009a).
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Following the thermodynamic considerations for TiAl the ability of the selective
formation of Al-fluorides as the basic condition has to be studied. The fig. 31 shows
possible reactions at the metal/oxide interface. Thermodynamical calculations were
carried out for the alloys IN738 and IN939 by using the software FactSage. All calculations
assume thermodynamic equilibrium and an infinite system. Because no data bases for Ni-
base alloys and fluorine or chlorine were available up to now, new data bases had to be
developed. The calculations were performed for F and Cl and both alloys at temperatures
between 900-1200°C. The results for Fluorine and IN738 at 1000°C are summarized in fig.
32, where the minimum F partial pressure p(AlF)min for a significant formation of AlF is
denoted. By increasing the total F-partial pressure to p(F)min the partial pressure of
gaseous AlF meets the value of p(AlF)min which opens the window for the F-effect. The
effect works until the partial pressures of gaseous fluorides of other alloying elements (Ni,
Cr, Co, Ti...) reach the value of the minimal partial pressure p(AlF)min too defining the
partial pressure p(F)max and leading to the formation of a mixed oxide scale. Hence a
positive F-effect is possible within the corridor between p(F)min and p(F)max. The results of
the calculations are summarized in fig. 33 showing the behaviour of this corridor within
the temperature range of 900-1200°C. From fig. 33 it can be concluded, that the F-effect is
possible for IN738 within this temperature range 900-1200°C. The calculation for IN939
shows similar results. For Cl a positive effect is predicted too (Zschau et al., 2009Db).
However due to the good results obtained for F at TiAl the investigations have been
continued with fluorine.

Cr,0; + 2 AIF — AlL,O; + 2 CrF
3 NiO + 2 AIF e Al,O; + NiF; + 2 Ni

Tio 2NiF+ O; —2NiO+F;
10, 2CrF;+150;, > Cr;,0;+ 2F;
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Fig. 31. Selected possible reactions in the F-doped subsurface zone of the Ni-base alloy
IN738 during the initial oxidation stage.
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Partial Pressures at 1000 °C
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Fig. 32. Partial pressures of several metal fluorides vs. total F-partial pressure at 1000°C for

the Ni-base alloy IN738 (calculated with FactSage).
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Fig. 33. Corridor of a positive fluorine effect for the alloy IN738 between 900°C and 1200°C

(calculated with FactSage).

3.4.2 Screening of the implantation parameters for Ni-base superalloys

As already discussed for TiAl the calculated optimal fluorine partial pressures for the
positive fluorine effect cannot be transformed into fluorine concentrations by
straightforward calculations. Therefore a screening of the fluorine amount near the surface
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is necessary by using beam line ion implantation. The implantation profiles for fluences
between 1016 and 4 x 1017 F ecm2 / 38 keV calculated by using the Monte Carlo software T-
DYN are shown fig. 34. The energy of 38 keV meets the projected range of about 35 nm as
was selected in the TiAl-case. The calculated F-profiles cover the range of fluorine amounts
between 2 and 44 at%. For fluences above 4 x 107 F cm?2 a saturation effect was found,
hence higher fluences were not considered. Following these results implantations were
carried out on one side of the samples with fluences between 1016 and 4 x 1017 F cm2 at a
constant ion energy of 38 keV. The F-profiles obtained with PIGE (Zschau et al., 2009c)
reveal the good agreement between calculated and implanted F-depth profiles (fig. 35). The
minor deviations at the end of the ion range may be caused by secondary ion collisions and
the sputter process can explain the small differences near the surface.
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Fig. 34. F-implantation profiles in the alloy IN738 calculated by using the Monte Carlo
program T-DYN.
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Fig. 35. Comparison of the implanted (obtained by using PIGE) and calculated F-depth
profile (T-DYN) in the Ni-base alloy IN738.

After oxidation at 1050°C/air between 24 h and 168 h and metallographic preparation the
SEM-micrographs reveal a change of the oxidation mechanism. The non-implanted side
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(24h/1050°C/air) shows an outer porous Cr,O3 - scale and an inwards growing Al;O; -
scale (fig. 36a). The porous chromia rich layer as well as the inward growing rather
discontinuous alumina scale do not protect the metal against the inward diffusion of oxygen
and nitrogen. Hence also needle-like Ti-nitrides are observed up to a depth of 30-40 pm
within the metal. In contrast to this the implanted side (1 x 107 F cm2 / 38 keV) after
oxidation of 60h/1050°C/air reveals a completely different behaviour (fig. 36b): An outer
Ni-Al-spinel scale covers a continuous alumina scale of 1-2 pm thickness. No internal
nitrides were found. Minor inclusions of alumina are visible showing the tendency for a
change from internal to external oxidation.
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Fig. 36. a) The cross-section of the untreated Ni-base alloy IN738 after oxidation
(24h/1050°C/ air) shows a non-protective internal alumina scale.
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Fig. 36. b) The cross-section of the F-implanted (1017 F cm2/ 38 keV) Ni-base alloy IN738
after oxidation (60h/1050°C/ air) reveals a protective alumina scale.

As a result of the screening the F-effect was found to be working between 5 x 1016 and 4 x
107 F cm2. Optimum implantation parameters were determined to be between 5 x 1016 and
1 x 1017 F cm2. These fluences correspond to maximal F-contents of 10-18 at.%, as can be
seen from fig. 34. At distinctly higher fluences the external alumina partly tends to the
formation of an internal alumina scale.



Surface Modification by lon Implantation to Improve the
Oxidation Resistance of Materials for High Temperature Technology 433

3.4.3 Long time stability of the F-effect at Ni-base superalloys

The TGA-measurements illustrated in fig. 37 show the mass gain during long term
oxidation. The TGA measurements were carried out at 1050°C for 1000 hours at samples of
IN738 implanted with fluences of 5 x 1016, 1 x 1017 and 2 x 107 F cm2 / 38 keV. Within the
first 50-100 hours all samples reveal a distinct mass gain. The non-implanted sample is
characterized by following a nearly linear mass loss within the whole oxidation time. The
sample implanted with 2 x 1017 F cm2 shows a parabolic mass gain but it did not reach slow
growth kinetics. After implantation with a fluence of 1 x 1017 F cm-2 the parabolic mass gain
reaches a slow growth rate after 400 hours, but after 600 hours a slow mass loss is obtained.
After implanting with a fluence of 5 x 1016 F cm2 the parabolic behaviour after 200 hours
can be characterized by a kinetic constant of k, = 2.51 x 109 g2 cm# h-1. After 900 hours a
small mass loss occurs. Generally the results of the TGA curves can be influenced by several
processes as formation of transient oxides, internal oxidation and nitridation, scale
spallation and loss of gaseous Cr-species. The high mass gain during the first 100 h may be
due to the formation of metastable transient oxides. The mass loss is most probably caused
by the spallation of an outer chromia or spinel scale and/or the evaporation of Cr-based
gaseous species. In order to reveal at least the final scale structure metallographic cross-
sections were prepared after the TGA-measurements.
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Fig. 37. Isothermal TGA-Measurements at 1050°C/ air of F-implanted Ni-base alloy IN738.

The metallographic cross-section of the untreated sample (fig. 38, left micrograph) shows a
thin scale (2-3 pm) of inward growing and non-protective alumina with a thin (1-2 pm)
spinel layer on top whereas the outer part of the originally formed thick oxide scale had
spalled completely. Underneath the alumina scale a large zone of about 30-40 pm thickness
enriched with nitrides was formed.

A 1-2 pm thin alumina scale covered with a spinel (1-3 pm) phase was found on the surface
of the sample implanted with 5 x 1016 F cm2 (fig. 38, right micrograph). The absence of Al,O3
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- precipitates indicates a change from internal oxidation to the formation of a continuous
protective external ALOs - scale. EDX-analysis proofs the composition of this scale as pure
alumina, whereas the spinel scale mainly contains Al and Ni.
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Fig. 38. Oxide scale of an untreated (left micrograph) and an implanted (5 x 1016 F cm2 / 38
keV) sample (right micrograph) of IN738 after oxidation (TGA/1000h/1050°C/ air).

Finally the region for a positive F-effect for the Ni-base alloy IN738 in terms of F-partial
pressures, F-fluences and F-concentrations can be illustrated in fig. 39. In practice there are no
sharp boundaries for fluences and concentrations. This is illustrated by the light grey regions.
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Fig. 39. Relation between F-partial pressures, F-fluences and F-concentrations for a positive
F-effect at the Ni-base alloy IN738.

4. Conclusions

The ion implantation of fluorine combined with the non-destructive Ion Beam Analysis have
been applied to investigate the halogen effect for fluorine at y-TiAl and Ni-base alloys. By
suitable surface doping of y-TiAl (44-50 at.% Al) with fluorine the high temperature
oxidation resistance above 750°C has been improved dramatically by stimulating the
formation of a dense protective alumina scale on the metal surface. The optimal F-
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concentrations have been defined. Recently these results have been used to apply other
methods of F-application (gas phase, liquid phase, plasma immersion ion implantation) for
the treatment of technical components with a complex geometry. Based on the results of the
beam line ion implantation the optimal parameters can be found also for each of these
process routes. The ion beam analysis, especially PIGE, plays an important role in these
investigations. The fluorine effect at TiAl-alloys is close to industrial application in high
temperature technology.

The Ni-base superalloys with 2-5 wt.% Al-content form a non-protective complex oxide
scale during oxidation at temperatures above 900°C. After surface modification by fluorine
ion implantation the oxidation mechanism can be changed dramatically to the growth of a
dense protective alumina scale. Optimal F-concentrations for the F-effect for 1st and 2nd
generation Ni-base superalloys have been determined. Recently basic work is in progress to
apply the halogen effect to the 3rd and 4th generation superalloys and to improve the scale
adherence. Additional studies focuse on the mechanism of the initial oxidation in the
presence of the fluorine effect.
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