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Preface

The importance of crystalline silicon and the emergence of nanocrystalline material are
heading towards miniaturization of silicon based devices. The entire device
technology is getting a radical transformation through bottom up approach and
corresponding increase in density of integration that is a challenge in processes and
materials via top down approach. The availability of macro-micro-nano phases of
silicon is a boom to the silicon based technology for the third generation electronic and
optoelectronic devices and their integration for ICs, solar cells, sensors and biomedical
devices. So, it can be said that silicon is the heart of both modern & future technology.
The crystalline silicon is a store house of developing innumerable human friendly
technology. For example, the evolution of green energy to avoid the global
contamination from petroleum and its related products is possible only by silicon and
silicon related devices. The rich abundance of silicon in nature and its minimum toxic
property is a distinct commercial advantage over other synthetic materials. An
extensive research & development on silicon materials and devices is a continuing
process to study & clearly understand the fundamental changes in the crystalline
structure and the defect states with the decrease of the crystallite dimensions from
macro to nano sizes. The quantization effect in silicon that has already revealed some
interesting properties needs further investigations for more vital information. Along
with the theory more advanced experimental techniques are to be employed for this
purpose.

The book ‘Crystalline Silicon: Properties and Uses’ presents fifteen chapters in all with
the examples of different forms of silicon material, their properties and uses.
Formation of silicon thin films through solution route via organic precursors has been
described in Chapter 1. The modern techniques to study the oxide -silicon interface in
different crystalline forms have been highlighted in chapter 2 and the behaviour of the
native oxide on silicon has been demonstrated in chapter 3 of this book. Chapter 4
deals with the characterizations of dislocations in silicon in an elaborate fashion.
Doping of silicon by high mass molecular ion implantation is treated in detail and an
ellipsometric investigation of doping by ion implantation is discussed in chapters 5
and 6 respectively. Silicon nanocrystals, in general, are presented in chapter 7.The
cathodoluminescent characterization of silicon nanoclusters in silicon dioxide has been
discussed in depth in two chapters e.g. chapters 8 and 9. Nanocrystalline porous
silicon, a novel material for nano-electronic, optoelectronic and sensor applications are
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Preface

presented in three chapters (10, 11 & 12) that cover different novel methods of
preparations, structural & optical properties and porous silicon integrated photonic
devices for bio-applications. Chapter 13 has been devoted to silicon based photovoltaic
solar cells and their life cycle assessment. The use of silicon based MEMS devices in
the microphone technology is an interesting addition to this book and the details are
dealt in chapter 14. The commercial aspects of the availability & consumption of
silicon on global perspective have been taken into consideration in chapter 15. In fact,
this book presents different basic and applied aspects of crystalline silicon. It is a
unique combination of conventional and novel approaches to understand the
behaviour of silicon in different crystalline states for potential applications in the
present scenario and in near future.

The valuable contributions of the renowned researchers from different parts of the
globe working on various aspects of crystalline silicon are magnificent and deserve
great appreciations. It is once again proved that knowledge knows no bounds. The
credit goes to the entire InTech publishing group members for their tireless efforts to
work on this project to publish the book in time. The editorial assistance of the process
manager, Ms. Iva Lipovic needs special mention for the success of this book project.
The help of Dr. (Ms.) Jayita Kanungo, the research associate of Jadavpur University,
India is sincerely appreciated.

Prof. Sukumar Basu

IC Design & Fabrication Centre,

Dept. of Electronics and Telecommunication Engineering,
Jadavpur University,

India
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1. Introduction

Silicon (Si) is the second most abundant element (Clarke number ~26%) on Earth and exists
mainly in the oxidized silicate (SiO,) form. Si sources are neither localized in very specific
regions nor are they noble. However, crystalline (c-Si) and amorphous (a-5i) silicons remain
the most fundamental, purely inorganic materials used for microelectronics, optoelectronics,
and photonics because the lithographic and p-n doping processes are already well-
established in industry. To produce these materials, vacuum and vapor-phase deposition
processes and mechanical slicing/ polishing techniques of Si-wafers are invariably utilized.
However, these techniques require the use of an expensive XeCl excimer laser for annealing
of a-Si; this step is followed by a crystallization process to prepare a poly-Si thin film
transistor (TFT) from a 4-Si thin film, which is deposited using a highly dangerous SiHs-
SioHe chemical vapor deposition (CVD) process.

1.1 Physical and chemical approaches for controlling the band gap of crystalline
silicon

There are many types of Si-based materials ranging from zero-dimensional (0D)
nanocrystalline silicon (nc-Si) and nanoparticles, one-dimensional (1D) polysilane and
nanowire, and two-dimensional (2D) Si-skeletons, including Si-Si bonded network
polysilyne (SNP), Wohler siloxene, and Si/SiO» superlattice, to three-dimensional (3D) Si-
skeletons, including c-Si and a-Si (Table 1).

The fundamental materials for microelectronics, ¢-Si and a-Si, are poor UV-visible-near IR
emitters with low quantum yields (@) of ~102% at 300 K because of their narrow band gap
(1127 nm, 1.1 eV) with indirect electronic transitions (Lockwood, 1998; Yu & Cardona, 2005).
Since the first reports of fairly efficient photoluminescence (PL) in the visible-near IR region
from nc-Si (Furukawa & Miyasato, 1988; Takagi et al, 1990; Kanemitsu et al., 1993;
Kanemitsu et al., 1995; Kanemitsu et al., 1996, Wilson et al., 1993) and porous Si (Cullis &
Canham, 1991; Cullis et al., 1997; Lehmann & Gosele, 1991; Heitmann et al., 2005), extensive
research efforts have been expended to produce Si with efficient, tunable UV-visible
emission. To effectively confine a photoexcited electron-hole pair (exciton) within Si’s Bohr
radius (rg) of ~5 nm (Lockwood, 1998; Yu & Cardona, 2005), various low-dimensional Si-
based materials have been theoretically (Takeda & Shiraishi, 1997; Takeda & Shiraishi, 1998;
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Brus, 1994; Alivisatos, 1996) and experimentally explored as follows: (a) 0D and 1D
materials as visible-near IR emitters, including nc-Si and nanoparticles (Holmes et al., 2001;
Grom et al., 2000; Kovalev et al., 1998; Gelloz et al., 2005; Walters et al., 2006; Jurbergs et al.,
2006; English et al., 2002; Fojtik & Henglein, 1994; Li et al., 2004; Liu et al., 2005; Choi et al.,
2007; Watanabe, 2003; Pi et al., 2008; Liu, 2008; Bley & Kauzlarich, 1996; Mayeri et al., 2001;
Zou et al.,, 2004; Zhang et al., 2007; Wilcoxon et al., 1999; Hua et al., 2006; Nayfeh & Mitas,
2008) and Si nanowires (Qi et al., 2003; Ma et al., 2005); (b) 1D materials as exitonic UV
emitters, including chain-like polysilane (Fujiki, 2001; Hasegawa et al., 1996); (c) 2D Si
skeletons as visible emitters, including Si-Si bonded network polymers (SNP) (Takeda &
Shiraishi, 1997; Bianconi et al., 1989; Bianconi & Weidman, 1988; Furukawa et al., 1990;
Wilson & Weidman, 1991), Wohler siloxenes (Brandt et al., 2003), and a Si/SiO; superlattice
(Lu et al., 1995). Although SNPs have been regarded as soluble precursor polymers of a-Si
(Wilson & Weidman, 1991) and 2D-Si nanosheets (saturated, bonded 'sila-graphene")
(Brandt et al., 2003; Nesper, 2003), further studies on the pyrolytic products of SNP
derivatives and their inherent photophysical properties in a vacuum at low temperature
have not yet been reported.

Dimensionality and Eg (eV) (Brus, 1994; Takeda & Shiraishi, 1989)
4A- 3D . 2D 1D
elements o%% °E§§ % fﬂ
C 5.5 (IG) - ~8
Si 1.1 (IG) 2.3 (IG and DG) ~4 (DG)
Ge 0.7 (IG) 1.8 (IG and DG) ~4 (DG)
Sn 0.1 - ~ 3 (DG)
Pb ~0 - -

Table 1. Schematic concept of skeleton dimensionality and elements. DG: Direct gap, IG:
Indirect gap.

Solution processing of metal chalcogenide semiconductors to fabricate stable and high-
performance transistors has recently been developed (Alivisatos, 1996). To produce c-Si, a-Si,
and new Si-based materials with controlled optical band gaps, low-cost solution and
thermal production methods that are environmentally friendly and safe and can deposit Si
on a plastic film at lower temperatures (below 250 °C) using soluble Si-source materials are
greatly preferable. Among the Si source materials, organosilicon compounds may be some
of the most promising candidates to satisfy the above criteria in actual Si-device fabrication
processes because organosilicon compounds are usually air-stable, non-toxic, non-
flammable, non-explosive, and soluble in common organic solvents.

Through re-evaluation of previously reported research, we endeavor to advance our
knowledge and understanding of Si-related materials science. Among the Si-related
materials mentioned above, SNPs are especially interesting as soluble precursor polymers
to pyrolytically transform into 3D Si-skeleton materials. In this chapter, we establish
strong evidence that SNP is one of the most promising, air-stable, soluble Si-source
materials for the straightforward production of c-Si, a-Si, and controlled bang-gap Si-
based materials via simple control of the organic side groups of SNP as well as the
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vacuum pyrolysis conditions, including the pyrolysis temperature, pyrolysis time, and the
presence of a trace amount of air.

1.2 Soluble silicon network polymers bearing organic groups

Various SNPs can be prepared via a one-step condensation reaction of the corresponding,
non-flammable, non-toxic alkyltrichlorosilanes with sodium in 50-60% yield at 120 °C in
inert organic solvent. A liquid NaK alloy and ultrasonic wave (USW) irradiation were
applied in the preparation of the first SNP (Bianconi et al., 1989; Bianconi and Weidman,
1988). Subsequently, the use of Na metal with catalytic amounts of crown ethers readily
afforded these SNPs in milder and safer conditions without USW irradiation, as shown in
Scheme 1 (Furukawa et al., 1990).

R1 R1 R1 X
| 120 °C, 1h | 200-500 °C |
Cl-Si—Cl + 3Na ——> X—@P—X + 3n NaCl ———»  X—£Si—£Si—X
| 0/_\0 n in a vacuum 1-x X |n
Cl [ ] X X X
o0 Ry = CHg, C;Hs, n-C3Hy, n-C4Hg, n-CsHyq, n-CgHys,
methylcyclohexane n-CgH,7, n-C4gHyq, n-C45Has, i-C4Hg, CF3(CH)),
X=H,Cl..

Scheme 1. General synthesis and vacuum-pyrolysis procedures for the preparation of SNPs.

In the present study, SNPs were prepared by the modified Na-mediated reduction
(Wurtz-Kipping reaction) of the corresponding alkyltrichlorosilanes in the presence of 12-
crown-4-ether as co-catalyst under a N, atmosphere (Fujiki et al., 2009). The SNPs were
protected from contact with air and moisture during all of the synthetic procedures,
including preparation, isolation, and sample enclosure in a glass tube. The SNPs were
typically synthesized as shown in Scheme 1. For example, methylcyclohexane (4 mL,
dried over 4 A molecular sieves) containing Na (0.43 g, 19 mmol) and 12-crown-4-ether
(0.02 g, 0.11 mmol) was placed in a four-necked 100 mL flask and refluxed at the relatively
high temperature of 120 °C with vigorous mechanical stirring. To this mixture, n-
butyltrichlorosilane (0.98 g, 5.1 mmol) dissolved in methylcyclohexane (4 mL) was added
drop-wise. After the addition was complete, the solution was stirred for 1 h and then
allowed to cool to room temperature. The reaction vessel was transferred to a glove box
filled with 99.9% N gas. To remove excess Na and NaCl, the reaction mixture was filtered
using a fluorinated membrane filter (0.50 ym pore size) under pressure to yield a clear
yellow solution containing n-butyl-substituted SNP (n-BSNP). The polymer was isolated
by precipitating the solution in dry acetone and then dried in the glove box via connection
to an external vacuum pump. Ethyl, n-propyl, i-butyl, n-pentyl, n-hexyl, n-octyl, n-decyl,
n-dodecyl, and 3,3,3-trifluoropropyl-substituted SNP derivatives were similarly prepared
as soluble polymers. Only methyl-substituted SNP was insoluble in all solvents, due to its
very short alkyl group. The yields of SNPs ranged from 40-50%. Weight-averaged and
number-averaged molecular weights (M,, and M,) of the soluble SNPs ranged from 3-43 x
103 g mol-l. Freshly-prepared SNPs did not exhibit any IR absorption due to the Si-O-Si
stretching vibration of the oxidized Si-Si bond around 1000-1100 cm-1.

A methylcyclohexane solution of SNPs was transferred into glass tubes (ID 5 mm, OD 7
mm); the inner wall of the tube was manually coated with the solution, and the solution was
dried by blowing with N> gas. The SNP films deposited in the glass tubes were connected to
a two-way vacuum bulb. The glass tubes coated with the SNP films were removed from the
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glove box and sealed using a hand-burner using vacuum techniques (0.3 Torr by rotary
pump or 5 x 10 Torr by a Pfeiffer turbo molecular pump). For pyrolysis experiments and
photoluminescence (PL)/PL excitation (PLE) measurements, the glass tubes were placed
into a housing made of an aluminum block and then onto a digitally-controlled hotplate
(Thermolyne), and the temperature of the housing was monitored with a chromel-alumel
thermocouple.

1.3 Pyrolysis of Si-containing polymers

Pyrolysis of several Si-containing polymers, including poly(dimethylsilane) (Yajima et al.,
1978), polycarbosilane (PCS) (Liu et al., 1999; Schmidt et al., 1991), and polysilane-containing
chlorine (Martin et al., 1997), is well-known to produce f#silicon carbide exclusively (4SiC).
This fact engendered the idea that SNPs might also produce $-SiC as a result of pyrolysis.
However, thermogravimetric (TG) and isothermal thermogravimetric (ITG) analyses of ten
SNPs in a stream of pure nitrogen gas indicated that elemental Si was produced.

L " L " 1 " 1 " 1 " 20
1004 n-BSNP

Differential TG / % min™

0 100 200 300 400 500 600
Temperature /°C

Fig. 1. Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis curves of
n-BSNP and i-BSNP in a N> atmosphere (heating rate = 5 °C min-).

\ 4 R
/C\?)B //_ | Hy
SN 2, si_ -L»
|| A I A
R R H

]
@
s :

Scheme 2. Proposed mechanism of the f-H shift from the alkyl group to the Si-Si bonded
skeleton.

The TG analysis data showed that SNPs undergo degradation in two steps (Fig. 1). With
the exception of sterically-overcrowded isobutyl- and trifluoropropyl-substituted SNP
derivatives (i-BSNP and FPSNP), most SNPs began to degrade at ~300 °C (not shown
here), suggesting that an alkylene moiety is eliminated due to a #-H shift from the alkyl
group to the Si skeleton, followed by the release of H, gas from the Si-H bond at ~450 °C.
In contrast, the i-BSNP and FPSNP derivatives began to degrade at temperatures as low as
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~250 °C. The proposed SNP pyrolysis mechanism is shown in Scheme 2. ITG data for
SNPs at 500 °C as a function of pyrolysis time (Fig. 2) suggests that the observed weight
loss of the SNP after prolonged (90 min) pyrolysis corresponds to a residue of pure Si (not
SiC), regardless of alkyl side group (Fig. 3). This result was further confirmed by scanning
electron microscopy (SEM)/X-ray photoelectron spectroscopy (XPS)/energy dispersive
X-ray spectroscopy (EDS) analyses of the product yielded by pyrolysis of n-propyl-SNP
and n-butyl-SNP (n-BSNP) at 900 °C, which showed that the surface was oxidized, as
evidenced by 1:1 signals of Si and O but no detectable C signal due to SiC (Fig. 4 and

Fig. 5).

1004

Weight/ %

1 1 1 1

250°C [

] 300°c |
80 L
i 350°C L
60+ 400 °C -
i 500 °C B
40 450 °C i
20 L
T n-BSNPinN2 [

04— LB B e e S e o e e S S BN e e m e

0 50 100 150 200 250

Fig. 2. Isothermal thermogravimetric (ITG) analysis curves of #-BSNP in a stream of N> gas
at selected temperatures. ITG curves between 450 °C and 500 °C appeared to be reversed.
This result was reproducible, probably due to rapid evolution of some volatile products

Heating time / min

from n-BSNP during prolonged heating at 450 °C.

100 . ) * L 1 1 1 1
CF3(CH2)2
R —
> ® " -.--"
2 iR '.
s -
5, 40
©
2
204 ® Obsd for n-CmH2m-+1
- = Calcd for element Si
0 —T ——
0 2 A T ; B

Fig. 3. Weight loss values of ten SNPs bearing different alkyl side chains upon pyrolysis at
500 °C for 90 min. Filled circles and dotted lines are experimental and calculated weight

values for elemental Si, respectively.

Alkyl carbon number / m

14
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Fig. 4. Scanning electron microscope (SEM) images of n-propyl SNP pyrolyzed at 900 °C in a
Nz atmosphere (scale bars: left, 100 #m, and right, 1 zm).

SEM and EDX before pyrolysis SEM and EDX after pyrolysis at 900 °C

Disappearance of
n-butyl moiety

Atomic fraction (%) of n-BSNP Atomic fraction (%) of n-BSNP ! !

before pyrolysis after pyrolysis

L s | c | o
43.6 = 53.5

Si:Si0, =1:1
031023  15KU R20, 5688 15mm Disappearance of
— n-propyl moiety
Atomic fraction (%) of Atomic fraction (%) of
n-PropyISNP before pyrolysis n-PropyISNP after pyrolysis
[ (B (T L si | c | o |
1729 64.4 13.8 50.5 = 46.1 S|:S|O2 =11

Fig. 5. Surface analysis of n-BSNP and n-propyl SNP by SEM and energy dispersive X-ray
spectroscopy (EDS) before and after pyrolysis at 900 °C.
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L ¢
CH, By, tgd oY
I_B ) r.
HaCa, | CHs u
Cl—Si—Cl —» i —>  aSiH
Li/THF f “t. pyrolysis at
c ' % Bu  350-450°C
LBu LBu

Scheme 3. The pyrolysis of octa(tert-butyl)octasilacubane (Furukawa, 2000).

Ph, ,Ph
% C
Ph Phy &i_ oPh c
| S Siwpp
Cl—si—Cl —» PR\ [

Si—Siu,
Ph  LU/THF Ph”E A PN AlCIyBz
Ph

Ph o3 Sime) LiAIH, e
Cl Cl H H
CPS
H
| .
— —(-Sll')F — a-Si:H — poly-Si
i H pyrolysis 308nm
hoto- )
ﬁngtgplgg;?d inCcPs  1.300°C, 10min XeCl laser
reaction upon g g;‘%'%ogr']“oo C
405 nm : spin coat p ~ 108 cm2V-1s™
irradiation
ink jet u ~ 6.5 cm?V-1s™!

in GloveBox in GloveBox

Scheme 4. The pyrolysis of hydrogenated polysilane prepared via a four-step synthesis from
diphenyldichlorosilane as a starting material (Shimoda et al., 2006).

Based on pyrolysis experiments with PCS (Liu et al.,, 1999; Schmidt et al., 1991), fH
elimination from alkyl C-H (Scheme 2) is postulated to be the key for producing elemental Si
without significant interference by the Kumada rearrangement reaction responsible for
p-SiC production (Shini and Kumada, 1958). Peripheral SNP structures may be terminated
with Si-Cl and Si-H, as exemplified in chlorine-containing polysilane (Martin et al., 1997).
For most SNPs, the existence of Si-Cl and Si-H bonds were evidenced by 2°Si-NMR signals at
~30 ppm and from the FT-IR signal around 2080 cm, respectively (Fujiki et al., 2009). The
free Cl atom from the Si-Cl bond may catalyze efficient f-H elimination. This unexpected
result may be a common feature of reactions involving Si-Si bonded molecules and
polymers bearing appropriate side groups in an oxygen-free environment. Indeed, an Si-Si
bonded cubic molecule with bulky organic groups, tert-butyl-containing octasilacubane was
transformed into an 4-Si film via pyrolysis in a vacuum at 350-450 °C (Scheme 3)
(Furukawa, 2000). A polycrystalline Si thin film with a high-carrier mobility was prepared
via pyrolysis of a Si-Si bonded linear polymer, (SiHa),, at 300-550 °C in an oxygen-free glove
box (Shimoda et al., 2006). This hydrogenated polysilane was produced by a four-step
synthesis, including a photo-induced ring-opening process, using diphenyldichlorosilane as
a starting material (Scheme 4).
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2. A new family of silicon network polymers as a precursor for c-Si, a-Si, and
other Si-based materials

2.1 Controlled vacuum pyrolysis with a trace amount of air

TGA and ITGA data for the ten SNPs in pure N> gas (99.99%) indicated that elemental Si
was produced. To confirm this result, laser Raman scattering spectra and microscope
imaging of the n-BSNP pyrolyzed at 500 °C for 10 and 90 min were compared with the
freshly-prepared n-BSNP film (Fig. 6). Several particles with a size of ~30 um were observed
in the n-BSNP pyrolyzed at 500 °C for 90 min. The regions with a metallic luster showed a
sharp Raman resonance at 508 cm-! due to nc-like-Si particles, whereas regions with a non-
metallic luster (amorphous regions) showed a very broad Raman shift at ~480 cm-!, similar
to the freshly-prepared n-BSNP film.

15 - -
] fresh n-BSNP film
~480 cm™
3 500°C—10min
E 10 4 L 25um
.'? 500°C-90min
[} amorphous
c B 0
SC.% I crystalline

500°C-90min
crystalline 520 cm™

1 test c-Si
0 -1 r 1 - rnr 1+t 1T 717
1,100 1,000 900 800 700 600 500 400 300
Raman shift / cm™

Fig. 6. Laser Raman scattering spectra and optical microscopy images of n-BSNP pyrolyzed
at 500 °C.

2.2 Photophysical properties: photoluminescence and absorption spectra

The photoluminescence (PL) emission spectra of the ten soluble SNPs (Scheme 1) were
measured between 460 nm and 740 nm (2.70-1.68 eV) at 77 K and at room temperature with
controlled pyrolysis temperature (200~500 °C) and time (10~90 min) in a vacuum. The
changes in the PL spectra of n-BSNP and i-BSNP films excited at 360 nm and 77 K, treated at
several different pyrolysis temperatures for 10 and 90 min, are summarized in Fig. 7
(bottom) along with several color photographs of these n-BSNP films (Fig. 7, top).

Before pyrolysis, the freshly-prepared n-BSNP film emitted a yellowish PL, corresponding
to a band maximum at 560 nm, with two fast lifetime components of 1.3 and 5.8 nsec. When
the film was treated at 250 °C for 90 min, the PL band was markedly blue-shifted, exhibiting
a blue PL band at 460 nm.
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250°C 300°C as-prep 350°C 400°C 450°C 500°C 500°C
10min 90min

-BUSNP

n-BuSNP

Normalized PL intensity

300 400 500 600 700 800
Wavelength (nm)

Fig. 7. Emission color photographs (top) and PL spectra (bottom) of n-BSNP and i-BSNP
films pyrolyzed at different pyrolysis temperatures for different time periods (excited at 360
nm at 77 K).

Absorbance / a. u.

300 400 500 600 700 800
Wavelength (nm)

Fig. 8. UV-visible absorption spectra (normalized at 300 nm) of n-BSNP films pyrolyzed at
different temperatures.
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When the virgin films were treated at 300 °C for 90 min, the PL band was shifted slightly to
green, corresponding to a peak maximum at 520 nm. Conversely, when the freshly-prepared
films were treated at 350 °C, 400 °C, and 450 °C for 90 min, the PL wavelength was
progressively red-shifted to orange at 580 nm, to red at 640 nm, and to deep-red at 680 nm.
Similarly, the i-BSNP film progressively shifted first towards the blue region and then
towards the red region. When the freshly-prepared i-BSNP film was treated at 500 °C for 10
min, the deepest red PL, corresponding to a peak maximum at 740 nm, was observed. Both
n-BSNP or i-BSNP treated at 250-300 °C for 90 min exhibited a greenish-white emission to
the naked eye.

When the freshly-prepared n-BSNP film was extensively heated at 500 °C for 90 min, it
became a lustrous, metallic film that emitted a very weak, deep-red PL at approximately 680
nm with a marked decrease in intensity that was one-sixth that of the sample treated at
500 °C for 10 min. Figure 8 shows these marked, progressive blue- and red-shifts in the
UV-visible absorption edge of pyrolyzed n-BSNP films maintained in sealed tubes at
increasing pyrolysis temperatures. This change in the UV-visible absorption edge
corresponds well to the blue- and red-shifts of the PL bands. It is noteworthy that the SNP
film treated at 500 °C clearly showed broad absorption bands in the range of 350-600 nm,
indicating that a significant change occurred in the Si-Si bonded skeleton.

Wavelength / nm

— 0
1 1 1 1 1 1
50,000 45,000 40,000 35,000 30,000 25,000 20,000 15,000

Wavenumber / cm™

5 8 200 . 3?0 . 490 590 690
© o 2nd-deriv PLE 5
~ 7 H > .
4 L 350
[ i
> 6 i b
= ] B )
§ 1 2nd-deriv PL o0 2
_g 5 na-aeriv B 250 §
S a4 > 200 b5
-g ) [ T
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Fig. 9. PL excited at 360 nm, PL excitation (PLE) monitored at 540 nm, and UV-visible
absorption spectra with their corresponding second derivative spectra for the air-exposed
nc-like-Si particles dispersed in n-hexane.

Although exact @r values for these films were not determined, they were assumed to be
several% (not exceeding 10%) at 77 K, and the PL intensities of the films at room
temperature decreased by one-sixth compared to those at 77 K. This estimation was based
on the fact that the @ value of virgin n-BSNP in THF solution at room temperature is ~1%
using 9,10-diphenylanthracene as the reference (@x ~97% in methylcyclohexane). As for the
n-BSNP film pyrolyzed at 300 °C, the PL band at 560 nm with excitation at 370 nm had fast
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and slow lifetime components of ~5 nsec and >10 nsec, respectively, at 77 K. This short
lifetime can be compared to the long lifetime of ¢-Si of 4.6 hrs (Lockwood, 1998; Yu and
Cardona, 2005). An oxygen molecule may be inserted into the SNP skeleton because the SNP
film was sealed in the presence of a small amount of air (~3x10-! Torr). In fact, the film
sealed in a trace amount of air (~5x105 Torr) exhibited a major PL band around 550 nm that
was almost unchanged, even after thermal treatment at 200 and 300 °C. Controlling the time
and temperature of the air-oxidation and pyrolysis of the virgin SNP film may thus facilitate
fine tuning of the PL wavelength between 460 nm (2.70 eV) and 740 nm (1.66 eV).

Fig. 10. HRTEM images of the air-exposed nc-Si particles. Left-side image: Baum-kiichen-
like, multi-layered structures with circular shapes and ~0.34 nm spacing. Right-side image:
Baum-kiichen-like, lamellar shapes with ~0.37 nm spacing. Surface profile at indicated
location. Scale bar is 5 nm.

When the very weakly emitting Si particles in deep-red, which were produced by the
pyrolysis of n-BSNP at 500 °C for 90 min, were exposed to air, the PL switched abruptly to
an intense sky-blue color (4= 430 nm). The air-exposed Si particles, dispersed in common
organic solvents at room temperature, exhibited an extremely high @r of 20-25% and a short
lifetime of ~5 nsec, probably due to the presence of siloxene-like, multi-layered Si-sheet
structures.

E, = h2/2me(n/na)?, purely electronic transitions with n 1
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En=(n+1/2)h o purely vibronic transitions with n 2)

The PL (excited at 360 nm), PL excitation (PLE, monitored at 540 nm), and UV-visible
absorption spectra of the air-exposed Si particles dispersed in n-hexane are shown with the
corresponding second derivative spectra in Fig. 9. Based on the second derivative spectra,
the apparent broad PL, PLE, and absorption spectra consist of at least five well-resolved
bands with almost equal energy spacing (1650 + 100 cm for the UV-visible absorption
spectra, 1580 + 200 cm-! for the PL spectra, 1470 + 70 cm-! for the PLE spectra).

This periodic behavior may be related to the combination of bands arising from the Si-Si
stretching mode (~460 cm) of the 2D-like Si skeleton and the Si-O-Si stretching mode
(~1100 cm?). Specifically, a coupling between an electron (from the Si-Si skeleton) and a
phonon (from the Si-O-Si stretching vibration) is responsible for the strongly blue emission,
due to the loss of translational symmetry. If the multiple electronic transitions in the PL,
PLE, and UV-visible spectra came from purely electronic origins within the 2D structure, the
energy separation (En) should obey the inverse square of the quantum number, n (Eq. 1). If
the transitions were connected to vibronic transitions, the separation would be related to n
in a parabolic potential well (Eq. 2). The unexposed nc-like-Si samples may be of the former
type due to very weak electron-phonon coupling, whereas the air-exposed nc-like-Si
particles are presumably an example of the latter case [Yu and Cardona, 2005; Konagai,
1987; Davies, 1998, Colvin et al., 1994].

2.3 Structural analysis of the pyrolytic products by high-resolution transmission
electron microscopy and laser Raman spectroscopy

The blue- and red-emissive structures of the air-exposed Si particles in the pyrolysis
products were investigated by high-resolution transmission electron microscopy
(HRTEM) with EDS. The HRTEM images of the air-exposed Si particles are shown in Fig.
10. The majority of the image regions show finely featured nc-Si particles with a diameter
of ~1 nm and a lattice spacing of ~2.5 A. EDS analysis revealed the existence of oxygen in
the image regions with a Si/O ratio of ~1/3. It is interesting that the two HRTEM images
clearly show ‘Baum-kiichen-like” multi-layered structures; the left-side image in Fig. 10
shows circular shapes with ~3.4 A spacing while the right-side image in Fig. 10 shows
lamellar shapes with ~3.7 A spacing. The n-BSNP exhibited a d-spacing of 5.5 nm (20 ~16°,
CuKa) in a WAXD pattern, indicating that an interlayer spacing was present between n-
BSNP multi-sheets, whereas the pyrolyzed n-BSNP does not show any ordered structures.
These layered structures imply that the air-exposed Si particles have a 2D-Wohler-
siloxene structure (Brandt et al., 2003, Nesper, 2003) separated by a highly stretched
Si-O-Si bond with an opened Si-O-Si bond angle, which is regarded to be a chemically
well-controlled Zintl phase. The origin of the blue-shifted PL band at 250 °C is assumed to
be due to the partial oxidation of the SNP single-sheet when oxygen gas in the sealed tube
is consumed during pyrolysis.

In nearly oxygen-free sealed conditions, a blue-shifted PL was not observed when the SNPs
were treated at 200-300 °C. The origin of the progressively red-shifted PL band at more
elevated temperatures can be conjectured to be multi-layered with the spontaneous, stacked
structure of 2D-SNP single-sheets, formed through the elimination of the organic moieties
and hydrogen during pyrolysis. The PL wavelength is variable according to the thickness of
the Si film (Lu et al., 1995). When an Si-Si bond length projected in the stacking direction is
assumed to be 1.85 A, the Si layer number extrapolated from the PL peak wavelength can be
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calculated using Epp. (eV) = 1.6 + 0.7/ds;2, which is given for the Si/SiO, superlattice (Lu et
al.,, 1995).

Estimated number of Si layers
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Fig. 11. Estimated numbers of Si multi-layers extrapolated from the PL peak energy of n-
BSNP and i-BSNP, based on the equation (Ep.(eV) = 1.6 + 0.7/ds;2) for the Si/SiO,
superlattice (Lu et al., 1995).
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Fig. 12. Proposed scheme for changes in the structural hierarchy of SNP from 2D single-
sheet to quasi-3D multi-sheets based on a Wohler-siloxene-like structure with and without
Si-O-Si interlayer spacers.

The PL energy in eV is plotted as a function of estimated thickness and number of Si layers
in Fig. 11. When the pyrolyzed SNP without organic or H moieties was exposed to air, the
spontaneous insertion of oxygen atoms into the multi-layer Si ultrathin films occurred,
resulting in the formation of a periodic (Si)1/ (SiO2)1 superlattice (Lu et al., 1995) identical to
the Wohler-siloxene multi-layers (Brandt et al., 2003) with Si-O-Si interspacing. A previous
study predicted that a Wohler-siloxene structure bearing oxygen moieties would be highly
emissive due to changes in electronic transitions from indirect- to direct-type band
structures (Kanemitsu et al., 1993). This change results from characteristic o-n orbital mixing
of the 2D-Si o electrons with the lone pair electrons of oxygen at the band-edge states for an
ideal 2D-Si polymer bearing OH and H side groups (Takeda and Shiraishi, 1993).
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Based on the results shown above, a change in hierarchical structure based on a model of
Wohler-siloxene multi-sheet layers separated by an Si-O-Si linkage at elevated pyrolysis
temperatures, followed by exposure to air, is proposed in Fig. 12.

2.4 Circularly polarized light from chiral SNPs

The generation, amplification, and switching of circularly polarized luminescence (CPL) and
circular dichroism (CD) by polymers (Chen et al., 1999; Oda et al., 2000; Kawagoe et al.,
2010), small molecules (Lunkley et al., 2008; Harada et al., 2009), and solid surface crystals
(Furumi and Sakka, 2006, Krause & Brett, 2008; Iba et al., 2011) have received considerable
theoretical and experimental attention.

CHz HoCu, CHg HsC CHs
CH CH
HSCJ; C/\(3 \g\/ﬁ/a
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Scheme 5. Soluble, optically-active SNPs bearing chiral organic groups.
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Fig. 13. UV-visible, PL, CD, and CPL spectra of 1S, 25, and 2R in THF at 25 °C.

CPL is inherent to asymmetric luminophores in the excited state, whereas CD is due to
asymmetric chromophores in the ground state. The first chiroptical (CPL and CD) properties
of three new SNPs bearing chiral alkyl side groups (Fukao & Fujiki, 2009) were recently
demonstrated for poly[(S)-2-methylbutylsilyne] (1S), poly[(R)-3,7-dimethyloctylsilyne] (2R),
and poly[(S)-3,7-dimethyloctylsilyne] (2S) (Scheme 5).



Amorphous and Crystalline Silicon Films from Soluble Si-Si Network Polymers 15

This study revealed that only 1S, bearing B-branched chiral groups, clearly showed an
intense CPL signal at ~570 nm with @&k of ~1% along with corresponding Cotton CD signals
in THF solution at room temperature (Fig. 13). In contrast, 2R and 2S, which possess y-
branched chiral groups, did not exhibit any CPL signals although they did exhibit CD
bands. By analogy to the optically inactive SNPs described above, optically active SNPs
might be candidates for use as Si-source materials in the production of a-Si and ¢-Si films
that exhibit circular polarization via controlled vacuum pyrolysis.

2.5 A Ge—Ge bonded network polymer (GNP) as an SNP analogue

Our understanding of the Si-Si bonded network polymeric materials led us to investigate a
2D Ge-Ge bonded network polymer (GNP) as a soluble model of insoluble polygermyne. A
common approach for studying Si- and Ge-based materials is to effectively confine a
photoexcited electron-hole pair within the Bohr radius (rs) for Si (rg ~5 nm) and for Ge
(r8 ~24 nm) (Gu et al., 2001). However, research on low-dimensional Ge-based materials has
been delayed due to the limited synthetic approaches available for preparing soluble Ge-Ge
bonded materials using organogermanium sources, which are 1000 times more expensive
than the corresponding organosilane sources. Several Ge-based materials were recently
fabricated using the molecular beam epitaxy (MBE) technique in an ultrahigh vacuum using
inexpensive Ge-based inorganic sources, rapidly increasing their potential use in the fields
of physics and applied physics.

In the area of solid-state physics, Kanemitsu, Masumoto, and coworkers observed a broad
PL band at 570 nm (2.18 eV) for microcrystalline Ge (uc-Ge) embedded into SiO» glass at
room temperature (Maeda et al., 1991). Stutzmann, Brandt, and coworkers reported a near
infrared PL band at 920 nm (1.35 eV) for multi-layered Ge sheets produced on a solid
surface, which is a pseudo-2D multi-layered Ge crystal known as polygermyne synthesized
from Zintl-phase CaGe; (Vogg et al., 2000). However, uc-Ge, polygermyne, and polysiloxene
are purely inorganic and are thus insoluble in any organic solvent.

Me Me
3n Na
Cl—Ge—Cl ———» Ge + 3nNaCl
& 120°C, 1h
12-crown-4

e

Scheme 6. Synthesis of soluble n-butyl GNP.

In 1993, Bianconi et al. reported the first synthesis of GNP via reduction of
n-hexyltrichlorogermane with a NaK alloy under ultrasonic irradiation (Hymanclki et al.,
1993). However, the photophysical properties of GNP have not yet been reported in detail.
In 1994, Kishida et al. reported that poly(n-hexylgermyne) at 77 K possesses a green PL band
with a maximum at 560 nm (2.21 eV) whereas poly(n-hexylsilyne) exhibits a blue PL band
around 480 nm (2.58 eV) (Kishida et al., 1994).

By applying our modified technique to a soluble GNP bearing n-butyl groups (n-BGNP) and
through careful polymer synthesis (Scheme 6) and measurement of the PL, we briefly
demonstrated that n-BGNP exhibits a very brilliant red PL band at 690 nm (1.80 eV). This
result was obtained using a vacuum at 77 K without the pyrolysis process; under these
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conditions, n-BSNP reveals a very brilliant green-colored PL band at 540 nm (2.30 eV) (Fig.
14) (Fujiki et al., 2009). This result differs from that of a previous report of green PL from
poly(n-hexylgermyne) (Kishida et al., 1994).
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Fig. 14. Photographs (left) and PL spectra (right) of n-BSNP and n-BGNP films excited at 365
nm at 77 K.

PL excited at 360 nm

By analogy with the SNPs described above, GNP may have potential uses as NIR emitters
and narrow band gap materials with a loss of organic moieties by the pyrolysis process. In
recent years, several studies have demonstrated the preparation and characterization of
Ge nanoclusters capped with organic groups. Watanabe et al. elucidated that pyrolysis
products of soluble Ge-Ge bonded nanoclusters capped with organic groups offer high-
carrier mobility and optical waveguide with a high-refractive index value in
semiconducting materials (Watanabe et al., 2005). Klimov et al. recently reported the
presence of a near IR PL band at 1050 nm (1.18 eV) with a fairly high @r of 8% for nc-Ge
capped with 1-octadecene, enabling a great reduction in Ge surface oxidation due to
formation of strong Si-C bonds (Lee et al., 2009). The study of GNP pyrolysis is in
progress and will be reported in the future.

2.6 Scope and perspectives

In recent years, solution processes for the fabrication of electronic and optoelectronic
devices, as alternative methods to the conventional vacuum and vapor phase deposition
processes, have received significant attention in a wide range of applications due to their
many advantages, including processing simplicity, reduction in total production costs,
and safety of chemical treatments. Particularly, the utilization of liquefied source material
of an air-stable, non-toxic, non-flammable, non-explosive solid may be essential in some
potential applications in printed semiconductor devices for large-area flexible displays,
solar cells, and thin-film transistors (TFTs). Recent progress in this area has largely been
focused on organic semiconductors with m-conjugated polymers due to their ease of
processing, some of which have a relatively high carrier mobility that is comparable to
that of a-Si.

Because of their ease of coating and dispersion in the form of ‘Si-ink” in comparison to II-VI
group nanocrystals [Colvin et al., 1994], soluble SNP, GNP, and their pyrolysis products can
serve as Si-/ Ge-source materials for the production of variable range Si-based and/or Si-Ge
alloyed semiconductors at room temperature. The ionization potential of the pyrolyzed Si
materials range between 5.2 and 5.4 eV while the electron affinity ranges between 4.0 and
3.2 eV (Lu et al,, 1995). These values are well-matched with the work-functions of ITO and
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Al/Ag/Mg electrodes. Recently, air stable red-green-blue emitting nc-Si was achieved using
a SiH, plasma following CF, plasma etching (Pi et al., 2008). As an alternative method, laser
ablation of bulk ¢-Si in supercritical CO; after excitation with a 532-nm nanosecond pulsed
laser yielded nc-Si that could produce blue, green, and red emitters. (Saitow & Yamamura,
2009). As we have demonstrated, controlled vacuum pyrolysis using a single SNP source
material, possibly including GNP source material, should offer a new, environmentally
friendly, safer process to efficiently produce red-green-blue-near infrared emitters, thin
films for TFTs, and solar cells because the required technology is largely compatible with
XeCl excimer laser annealing and the crystallization process for making poly-Si TFTs from a-
Si thin films deposited using the SiH4-SixHg CVD process.

The dimensionality of inorganic materials makes it possible to tailor the band gap value, as
shown in Table 1. Soluble SNP and GNP, because of their ease of coating and dispersion in
the form of "Si-ink" and "Ge-ink", may serve as controlled soluble Si/Ge source materials
without the need for the SiHy/GeHs CVD process. Our results provide a better
understanding of the intrinsic nature of pseudo-2D Si electronic structure by varying Si
layer numbers. The chemistry of SNP vacuum pyrolysis opens a new methodology to safely
produce a-5i, ¢-Si, Si-based semiconductors, and alloys with Ge.

3. Summary

Although c-Si is the most archetypal semiconducting material for microelectronics, it is a
poor visible emitter with a quantum yield of 0.01% at 300 K and a long PL lifetime of several
hours. Pyrolysis of chain-like Si-containing polysilane and polycarbosilane has previously
been shown to efficiently produce ASiC; however, our TGA and ITGA pyrolysis
experiments with various soluble SNPs indicated that elemental Si is produced. The SNP
was transformed into a visible emitter that is tunable from 460 nm (2.7 eV) to 740 nm (1.68
eV) through control of the pyrolysis temperature and time (200-500 °C, 10-90 min).
Moreover, air-exposed nc-like-Si, produced by pyrolyzing SNP at 500 °C, showed an intense
blue PL with a maximum at 430 nm, a quantum yield of 20-25%, and a short lifetime of ~5
nsec; furthermore, these particles disperse in common organic solvents at room
temperature. HRTEM, laser-Raman, and second-derivative UV-visible, PL, and PLE spectra
indicated that the siloxene-like, multi-layered Si-sheet structures are responsible for the
wide range of visible PL colors with high quantum yields. Circular polarization for SNPs
bearing chiral side groups was also demonstrated for the first time. Through an analogous
synthesis to that of green photoluminescent SNPs, the Ge-Ge bonded network polymer,
GNP, was determined to be a red photoluminescent material.
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1. Introduction

Due to its dominant role in silicon devices technologies [1, 2] the SiO,/Si interface has been
intensively studied in the last five decades. The ability to form a chemically stable protective
layer of silicon dioxide (SiO;) at the surface of silicon is one of the main reasons that make
silicon the most widely used semiconductor material. This silicon oxide layer is a high
quality electrically insulating layer on the silicon surface, serving as a dielectric in numerous
devices that can also be a preferential masking layer in many steps during device
fabrication. Native oxidation of silicon is known to have detrimental effects on ultra-large-
scale integrated circuit (ULSIC) processes and properties including metal/silicon ohmic
contact, the low-temperature epitaxy of silicide and dielectric breakdown of thin SiO; [3].
The use of thermal oxidation of Si(100) to grow very thin SiO, layers (~ 1001&) with
extremely high electrical quality of both film and interface is a key element on which has
been built the success of modern MOS (metal-oxide-semiconductor) device technology [4].
At the same time the understanding of the underlying chemical and physical mechanisms
responsible for such perfect structures represents a profound fundamental challenge, one
which has a particular scientific significance in that the materials (Si, O) and chemical
reaction processes (e.g. thermal oxidation and annealing) are so simple conceptually.

As a result of extreme decrease in the dimensions of Si metal-oxide-semiconductor field
effect transistor device (MOSFET), the electronic states in Si/SiO interfacial transition region
playa vital role in device operation [5]. The existence of abrupt interfaces, atomic
displacements of interface silicon and intermediate oxidation states of silicon are part of
different experiments [6, 7]. The chemical bonding configurations deduced from the
observed oxidation states of silicon at the interface are the important basis for the
understanding of the electronic states. The distribution of the intermediate oxidation states
in the oxide film and the chemical bonding configuration at the interface for Si(100) and
Si(111) were investigated [5] using measurements of Si 2p photoelectron spectra. One of the
X-ray photoelectron spectroscopy (XPS) results is that the difference for <100> and <111>
orientations is observed in the intermediate oxidation state spectra. Ultra thin SiO, films are
critical for novel nanoelectronic devices as well as for conventional deep submicron ULSIC
where the gate oxide is reduced to less than 30A. Precise thickness measurement of these
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ultra thin films is very critical in the development of Si- based devices. Oxide thickness is
commonly measured by ellipsometry [8] but as film thicknesses is scaled down to several
atomic layers, surface analytical techniques such as XPS become applicable tools to quantify
these films [9]. An XPS measurement offers the additional advantage of providing
information such as surface contamination and chemical composition of the film.

The purpose of the present section is to study the chemical structure modifications at the
surface on semiconductors (e.g. Si, GaAs) by XPS, (angle resolved XPS) ARXPS and (scanning
tunneling microscopy) STM techniques. It will be studied the variation of the interface for
native oxides and for thermally grown oxides. This analysis will be the base for in situ
procedures in the development of different devices as Schottky diodes or in the technique of
local anodic oxidation (LAO) [10] for fabricating electronic devices on a nanometer scale.

A silicon dioxide layer is often thermally formed in the presence of oxygen compounds at a
temperature in the range 900 to 1300°C. There exist two basic means of supplying the
necessary oxygen into the reaction chamber. The first is in gaseous pure oxygen form (dry
oxidation) through the reaction: Si+O,—S5iO,. The second is in the form of water vapor (wet
oxidation) through the reaction: Si+2H>O—5iO»+2H>. For both means of oxidation, the high
temperature allows the oxygen to diffuse easily through the silicon dioxide and the silicon is
consumed as the oxide grows. A typical oxidation growth cycle consists of dry-wet-dry
oxidations, where most of the oxide is grown in the wet oxidation phase. Dry oxidation is
slower and results in more dense, higher quality oxides. This type of oxidation method is
used mostly for MOS gate oxides. Wet oxidation results in much more rapid growth and is
used mostly for thicker masking layers. Before thermal oxidation, the silicon is usually
preceded by a cleaning sequence designed to remove all contaminants. Sodium
contamination is the most harmful and can be reduced by incorporating a small percentage
of chlorine into the oxidizing gas. The cleaned wafers are dried and loaded into a quartz
wafer holder and introduced in a furnace. The furnace is suitable for either dry or wet
oxidation film growth by turning a control valve. In the dry oxidation method, oxygen gas is
introduced into the quartz tube. High-purity gas is used to ensure that no impurities are
incorporated in the oxide layer as it forms. The oxygen gas can also be mixed with pure
nitrogen in order to decrease the total cost of oxidation process. In the wet oxidation
method, the water vapor introduced into the furnace system is usually creating by passage a
carrier gas into a container with ultra pure water and maintained at a constant temperature
below its boiling point (100°C). The carrier gas can be either nitrogen or oxygen and both
result in equivalent oxide thickness growth rates.

The structure of SiO,/Si interface has been elusive despite many efforts to come up with
models. Previous studies [11-13] generally agree in identifying two distinct regions. The
near interface consists of a few atomic layers containing Si atoms in intermediate oxidation
states i.e. Sil* (5120), Si2* (SiO) and Si3* (Si2O3). A second region extends about 30A into SiO,
overlayer. The SiO; in this layer is compressed because the density of Si atoms is higher for
Si than for SiO,. Different structural models [14-17] have been proposed for SiO, on Si (100),
each predicting a characteristic distribution of oxidation states, and most of the models
assume an atomically abrupt interface. From experiments was observed [1] at interface the
existence of a large portion of Si3*, and the model in accord this observation is that of an
extended-interface for SiO,/Si (100) by minimizing the strain energy [17]. Relatively new
models ("90 years) are based for SiO,/Si (100) and SiO,/Si (111) on the distribution and
intensity of intermediate oxidation states. These models are characterized by an extended
interface with protrusions of Si3* reaching about 3 A into the SiO, overlayer.
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Experimental techniques as the one presented in this work were used to determine the
structure of the interface, its extend and to appreciate its roughness.

2. Investigation techniques

X-ray Photoelectron Spectroscopy (XPS) technique offers several key features which makes it
ideal for structural and morphological characterization of ultra-thin oxide films. The relatively
low kinetic energy of photoelectrons (< 1.5 keV) makes XPS inherently surface sensitive in
the range (1-10 nm). Secondly, the energy of the photoelectron is not only characteristic of
the atom from which it was ejected, but also in many cases is characteristic of the
oxidation state of the atom (as an example the electrons emitted from 2ps3,> shell in SiO»
are present approximately 4 eV higher in binding energy than electrons from the same
shell originating from Si® (bulk Si). In the third place the XPS has the advantage that is
straightforward to quantify through the use of relative sensitivity factors that are largely
independent of the matrix.

The XPS recorded spectra were obtained using SPECS XPS spectrometer based on Phoibus
analyzer with monochromatic X-rays emitted by an anti-cathode of Al (1486.7 eV). The
complex system of SPECS spectrometer presented in Fig.1 allows the ARXPS analysis, UPS
and STM as surface investigation techniques.

Fig. 1. SPECS complex system for surface analysis
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A hemispherical analyzer was operated in constant energy mode with a pass energy of 5 eV
giving an energy resolution of 0.4 eV, which was established as FWHM (full width half
maximum) of the Ag 3d5/2 peak. The analysis chamber was maintained in ultra high
vacuum conditions (~ 109 torr). As a standard practice in some XPS studies the C (1s) line
(285 eV) corresponding to the C-C line bond had been used as reference Binding Energy
(BE) [18]. The recorded XPS spectra were processed using Spectral Data Procesor v 2.3 (SDP)
software. In its structure the SDP soft uses the deconvolution of a XPS line as a specific ratio
between Lorentzian and Gaussian line shape and these characteristics ensures a good fit of
experimental data.

Angle resolved X-ray Photoelectron Spectroscopy (ARXPS) is related to a XPS analysis of
recorded spectra on the same surface at different detection angles 0 of photoelectrons
measured to the normal at the surface. The analysis chamber is maintained at ultra-high
vacuum (~ 109 torr) and the take-off-angle (TOA) was defined in accord to ASTM document
E 673-03 related to standard terminology related to surface analysis that describes TOA as
the angle at which particles leave a specimen relative to the plane of specimen surface; it is
worth to mention that our experimental measured angle is congruent with TOA as angles
with correspondingly perpendicular sides. For a detection angle 0, the depth A from where it
proceeds the XPS signal is given by the projection of photoelectrons pass A (the maximum
escape depth) on the detection direction:

A= Am cosO
In Fig.2 is presented the TOA angle considered in the equation for oxide thickness

evaluation as presented in [3, 19, 20, and 21].

c A

o

Fig. 2. Sample characteristics in ARXPS measurement

The oxide film thickness doxy is determined by the Si 2p core level intensity ratio of the
oxidized silicon film Ioxy and substrate silicon Is; by:
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doxy=AoxysinB[loxy/ (alsi)+1] (1) reference [9]

where

a=onideoo/Isioo =0.76 (2)

The value for this ratio was experimentally obtained taking into account the intensity for the
line SiO; (Si#*) in a thick layer of oxide (where the signal for the bulk silicon is not present)
reported to the intensity of Si¢ line in bulk silicon (where the oxide do not exists e.g. after
Ar*ion sputtering).

It is well known however that large discrepancies exist for the photoelectron effective
attenuation length in SiO; where values from 2 to 4 nm have been reported and compared to
theoretical prediction for the inelastic mean free path. The ARXPS measurements are
dependent on the value of sin0, and the ratio I,xy/Isi will be computed only for SiO; oxide
(Si**). The electron inelastic mean free path (IMFP) A is analyzed and computed in terms of
the Bethe equation for inelastic scattering which can be written [22]:

\=E/ [E2B In (yE)] A ®)

For electrons in the range (50-200) eV [7, 8] the computed IMFP is presented in the form of
TPP-2M formula:

A=E/ {Ep* [BIn (YE)-C/E+ D/E?]} )

E-electron energy (in eV)
B=-0.10+0.944/ (B2 + Eg) + 0.069 po1

y=0.191 p-050 ®)

C=197-091U

D=534-20.8U

U=Nyp/ A (Ny- total number of valence electrons per atom or molecule, p- density (gem-3),
A- atomic or molecular weight, Ec-band gap, Ep- plasmon energy)

For E, which is the free- electron plasmon energy (in eV) it was used the formula

Ep=28.8 (pNy/A )1/2 eV (6)

as is mentioned in reference [21].

For compounds Ny is calculated from the sum of contributions from each constituent
element (i.e. Ny for each element multiplied by the chemical or estimated stoichiometric
coefficient for that element) [19].

The explored depth of surface layers by XPS technique can be adjusted by the variation of 0
angle.

Scanning Tunneling Microscopy (STM) is based on the quantum mechanical effect of
tunneling. If two metals are brought in close contact and a small voltage is applied between
them, a tunneling current can be measured which is:

I~ exp (-2kd) (7)

where d is the distance between the conductors, and as an important message the reason
why STM works, is the exponential dependence of the tunneling current on the distance
between conductors. Typical values for tunneling voltage are from few mV to several V, and
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for the current from 0.5 to 5 nA. The tip-sample distance is a few Angstrom; the tunneling
current depends very strongly on this distance. A change of 1 A causes a change in the
tunneling current by a factor of ten. In practice, the tunneling voltage is not always very
small. Especially for semiconductors materials a small tunneling voltage can be impossible
because there are no carriers in the gap which can be involved in the tunneling. This means
that STM can look at both, occupied and unoccupied states of the sample depending on the
bias voltage.

Transmission Electron Microscopy (TEM)-is a microscopy technique whereby a beam of
electrons is transmitted through an ultra thin specimen, interacting with the specimen as it
passes through. TEMs are capable of imaging at a significantly higher resolution owing to
the small de Broglie wavelength of electrons. This enables the instrument’s user to examine
fine details-even as small as a single column of atoms. At smaller magnifications TEM image
contrast is due to absorption of electrons in the material, due to the thickness and
composition of the material.

UV-Photoelectron Spectroscopy (UPS)-is the most powerful technique available for probing
surface electronic structure. UPS in the laboratory requires a He gas discharge line source
which can be operated to maximize the output of either He I (21.2 eV) or He II (40.8 eV)
radiation. The use of these photon energies makes accessible only valence levels and very
shallow core levels. UPS refers to the measurement of kinetic energy spectra of
photoelectrons emitted by ultraviolet photons, to determine molecular energy levels in the
valence region [23]. The kinetic energy Ex of an emitted photoelectron is given by (Einstein
law applied to a free molecule):

Ex=hv-I ®)

Where h is Planck’s constant, v is the frequency of the ionizing light, and I is an ionization
energy corresponding to the energy of an occupied molecular orbital. In the study of solid
surfaces in particular is sensitive to the surface region (to 10 nm depth) due to the short
range of the emitted photoelectrons (compared to X-rays). A useful result from
characterization of solids by UPS is the determination of the work function of the material.
The work function @ can be defined in terms of the minimum energy e® required to remove
an electron from the highest occupied level of a solid to a specified final state. The value of ®
may depend on distance from the surface on account of the varying electrostatic potential
associated with different crystal surfaces.

3. Native oxides

Silicon samples Si (100) were exposed to a naturally oxidation process for a long time decade
(years) in atmosphere. A thin layer of native oxide was grown, that was firstly put into
evidence by a color surface change. In Fig.3 the Si 2p spectra present two lines where the
lower binding energy is associated with Si® (bulk) and the higher binding energy is
associated with Silicon dioxide. The Si 2p oxide line intensity increases with the increase in
oxide thickness while the Si 2p substrate line intensity decreases [24].

In Fig.4 -are presented the Si 2p lines in crystalline Silicon and in Silicon oxides for the
spectra taken at TOA:250, 550 and 759 for native oxides. As a general remark: in
superimposed spectra as the TOA increases the signal from Si%) bulk) is more prominent.
For the sample Si (oxidized) the deconvolution for Si core levels 2p lines are related to
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specific Binding Energies (BE) for Si%(A), Sil* (5i2O-B), Si2*(SiO-C), Si**(Si203-D) and

Si4+(SiO»-E) as presented in Fig.5 at TOA= 250.

Counts

A 99.71eV 1.24 eV 2066.7%cts

Binding Energy, eV
Fig. 3. Si 2p spectra for Si**(SiO»-A) and Si? (bulk-C)
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Fig. 4. SiO,/Si native oxides XPS proportional spectra

As it was mentioned [1] the structure of the interface Silicon Oxide/Silicon consists of two
regions. The near interface contains few atomic layers of Si atoms in intermediate oxidation
states i.e Sil*(Si»O), Si2*(SiO) and Si3*(Si203). A second region extends about 30A into SiO»
overlayer [1]. As a general remark we assert that although the deconvolution has a slight
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arbitrary degree in SO sample, it prevails the sub oxides with high oxidation states (e.g. Si**).
Regarding the measurement of oxide thickness the ratio Ioxy/Isi in the oxidation state Si4+
(Si07) can be evaluated for the sample SO and the computed value is in accord with the
presented theory of Electron Inelastic Mean Free Path (IMFP) as presented in literature since
1994, and conduced to the value doxy~23.6A for native oxide.

System Name: XI ASCII

Sample Description: 25 Pass Energy: 50.00 eV
Charge Bias: -0.5 eV
Counts 31 May 1907
5500-Composition Table
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27% B
4500— 23% C
L 74% D
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Fig. 5. XPS spectra for Si (oxidized) SO sample at TOA=250

|
106 104.5

Oxidation states Results in our Composition table
for Si experiment BE(eV) BE(eV) Reference[l] (%) i

Sio 99.7 99.5 26.6

Sitl+ 100.58 100.45 2.7

Si2+ 101.06 101.25 23

Sid+ 102.23 101.98 74

Si4t 103.88 103.40 61

Table 1. Comparative contribution for Silicon oxides

As an example of a native oxide analysis on semiconductors we present a less extended
technological case, the one of GaAs. The GaAs (100) surfaces have a high surface energy
[25], and as a consequence they are very reactive and chemically unstable. Due to the
reactivity of the native oxides is difficult to reach the passivation of GaAs surfaces. Bare
arsenic atoms are thought to be one of the species present within the native oxides
responsible for pinning the Fermi level [26]. The arsenic atoms result from chemistry that
occurs at the oxide/GaAs interface. Both As;O3 and GaOs; will form when a clean GaAs
surface is exposed to oxygen and light. The formation of Ga,O; is thermodynamically
favored and results in the reaction: As;O3+2GaAs—GaxO3+4As leaving bare arsenic atoms
embedded within the oxide near the oxide/GaAs interface. The As;Oj is also mobile at grain
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boundaries, resulting in a nonuniform oxide in which an As;Os-rich layer is found near the
oxide/air interface, and the bare arsenic atoms are found embedded within the Ga,Os-rich
layer near the oxide/ GaAs interface. In native oxide layer, both Ga,O; and As;Os are
somewhat soluble in water and their solubility is dependent on pH. The complicated
chemistry of the GaAs native oxides has prevented the development of a simple and robust
surface passivation scheme for this surface. IN the ARXPS measurement the Ga and As 3d
spectra from the as received (naturally oxidized) GaAs surface taken at TOA:
150,200,300,500,900 as presented in Fig. 6 in a proportional ratios. For As, the signal from 41
eV corresponds to As in the volume (GaAs matrix) and the signal near the broad peak of 44
eV is related to As oxides: As)Os together with As;Os. The As signal from TOA: 150 is the
most sensitive to the surface structure, due to a similar peak intensities arising from oxide
(interface) and volume (GaAs).As presented in Fig.7 at small analysis angles the As and Ga
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Fig. 6. ARXPS spectra of As 3d (left) and Ga 3d (right) for TOA angles:900-black, 500 blue,
300 —green, 200-red, 150-pink
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concentrations grows and at the most surface sensitive angle the concentration of C and O is
higher than the concentrations for As and Ga. For the native oxidized sample the atomic
surface composition Ga/As ratio is related to the entire signal arisen from surface and
volume. The Ga signal arises from 19.1 eV (GaAs) and 20.3 eV (GaxO;) [27]. The As to Ga
ratio in the bulk is close to a stoichiometric value of 1.05. For Ga to As ratio in naturally
oxidized sample (storage for years) this ratio revealed the contribution of As and Ga from
native oxides in the surface layer. The concentration of Ga oxide is greater than of As oxide
and from this fact resulted a Ga enrichment in the air exposed GaAs, an observation in
accord to reference [28].

cos q
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Fig. 7. Relative variation of concentration for C-black, O-blue, As-green and Ga-red as a
function of analysis angle (q) (TOA=900-q)
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Fig. 8. Variation of different concentration ratios for Cc/Co-black, Cga/Cas-red,
C+Co/ CcatCas-green as a function of analysis angle (q) (TOA=90-q)

As can be observed at high TOA angles the concentration ratio Cc/Co is low and it grows to
low TOA angles corresponding to the surface layer. For concentration ratio Cg,/Cas on an
extended range of angles is constant in a prime approximation, with a slight increase at small
TOA ang]les. The evolution of ratio for contaminants to GaAs (Cc+Co/ CgatCas) is related to an
increase at low TOA angles, as a main result of oxidation to the GaAs surface. We conclude
that the surface native oxide comprise a mixture of Ga;O3, As;O3 and As;Os phases
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4. Silicon/oxide interface

The Silicon oxide samples were prepared for different analysis by cleaning in organic
solvents, and chemical etching in aqueous solution of hydrofluoric acid. There were
examined samples exposed to air oxidation for a long period of time together with samples
maintained for 2-3 hours in atmosphere after a chemical etching as well as chemical etched
fresh samples. In this experiment there were used as substrates p-5i (100) and p-Si (111) of
medium resistivity. The ARXPS spectrum of O 1s and C 1s are presented in Fig.9
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Fig. 9. ARXPS spectra for Cls(left) and Ols (right) at TOA: 909(blue), 50°(green),300(red),
200(turquoise), 15%(olive)

The ARXPS spectra of Si 2s and Si 2p for the same sample exposed to natural oxidation is
presented in Fig.10



34 Crystalline Silicon - Properties and Uses

Arbitary units Arbitary units
2600— 2000—
24007 1800
2200— I
1600—
2000—
1400
1800 00
1600~ 1200
1400
1000—
1200
800—
1000—
800~ 600
600—
400—
200—
07
T T T Y Y T Y A
109 102 158 149

Binding Energy, eV Binding Energy, eV

Fig. 10. ARXPS spectra of Si 2s(right) and Si 2p (left) at TOA: 90°(blue), 50°(green), 30%(red),
200(turquoise), 15%(olive)

The proposed deconvolution of Si 2p XPS spectra for TOA: 900 and TOA: 159 (the most
sensitive angle for the surface composition are presented in Fig.11 (a and b).

The deconvolution for the XPS spectra of Si 2s are presented in Fig.12 (a and b) firstly at
TOA:900, secondly at TOA:150 as surface sensitive angle.

In Fig.11 (a) the A and B peaks are related to the signal of Si° 2p %2 and Si® 2p 3/2, and the
peaks of C, D, E and F are related to the signals of sub-oxides as it follows: Sil*, Si2+, Si3* and
Si4+. In Fig.11(b) is presented the surface composition for the XPS signal for Si® 2p1/2 and 2p
3/2 (A and B peaks) and for Sil*(C), Siz*(D), Si**(E) and Si¢*(F). The most interesting part of
the presented deconvolution is related to the signal of Si 2s that has important similarities
with Si 2p spectra, that means in Fig. 12(a) and Fig.12 (b) the presence of Si® for A peak, and
related sub-oxides as follows: Sil* (B), Si2*(C), Si**(D), Si**(E). As can be observed in Fig.12
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(b) the surface composition is similar as order of magnitude for the signal of Si 2p and Si 2s,
and we also notice that the information of XPS spectra related to Silicon/Oxide interface for
Si 2s is rare in literature experimental data. For the Binding Energy BE Si 2p3/2= 99.67 eV
the shift BE Si 2p3/2 (Si)-BE Si2p3/2 (SiOx) we have the following results: Sil+-0.9 eV, Si2*-
2.1eV, Sid+- 3.5eV and Si**-4.5 eV For the Binding Energy BE Si 2s (Si)=150.51 eV the shift BE
Si 2s-BE Si 2s (SiOx) we have the following results: Sil*-0.97 eV, Si2+- 1.79 eV, Si3*-2.96 eV,
and Si+*-4.11 eV.
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Fig. 11. (b) XPS spectrum of Si 2p at TOA: 150
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? System Name: VAMAS
C:\A MRS\2011\04\SI\Si_100_ARXPS\0_Si2s.vms Pass Energy: 5.00 eV
Charge Bias: -0.5¢V
Counts Mon Apr 11 13:00:37 2011
2000-Composition Table
67.1% A
1800~ 9.7% B
35% C
0,
1400 128% E

1200— A 150.45¢V 1.12eV 254.214 cts
— B 151.50eV 1.14 eV 36.5358 cts
1000-— C 152.82eV 0.94 eV 13.3836 cts
— D 153.95eV 1.35eV 26.0713 cts
800H— E 154.86 eV 2.18 eV 48.4013 cts
Baseline: 157.98 to 148.03 eV
600~Chi square: 2.81481

40
20

o

| | | | |
158 156 154 152 ‘ 150 148
Binding Energy, eV
Fig. 12. (a) XPS spectrum 2s at TOA:900

? System Name: VAMAS

C\A MRS\201 1\0O4\SI\Si_100_ARXPS\75_Si2s.vms Pass Energy: 5.00 eV
Charge Bias: 0.0 eV

Counts Mon Apr 11 13:00:28 2011

g5 Composition Table
| 16.4% Si2s(A)
| 10.5% Si2s(B)
6.0% Si2s(C)
| 16.9% Si2s (D)
65750.2% Si2s (E)

Si2s

75

| | |
154 152 150 148
Binding Energy, eV

Fig. 12. (b) XPS spectrum 2s at TOA: 150

| |
158 156

In Fig.13 (a) we present the variation of composition with TOA angle that means from bulk
(right) to surface (left) for Si, SiO, and SiO; for the signal of Si 2p. As can be observed at
TOA:90° the signal of Si® from the bulk is high and is decreasing near the surface at a
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TOA: 150. At this angle of surface sensitivity the ARXPS signal is related to the presence of
oxides, firstly for SiO, (green) and secondly for SiOy (blue). In Fig.13 (b) is presented the
concentration variation from the bulk to the surface of ARXPS signal for Si 2s. As can be
observed the concentration curves for Si, SiO, and SiO are similar for Si 2p and Si 2s signal.
For the ARXPS deconvolutions for Si 2p and Si 2s the positions for Sil*- Si** are matching in
the limit of experimental errors.
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Fig. 13. (a) Concentration variation of Si%(red), SiO; (green) and SiOy (blue) at TOA(900-q) for
the ARXPS signal of Si 2p
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Fig. 13. (b) Concentration variation of Si%(red), SiO» (green) and SiO(blue) at TOA (90°-q) for
the ARXPS signal of Si 2s

In Fig.14 is presented the variations for different concentration ratios in the surface area for
the XPS signal Si (2p) and Si (2s). The proposed experimental concentration ratios are
Csi?/ Cox, and Csi**/ Csiox at different angle orientations in ARXPS signal. As can be observed
there is an experimental accord between the ARXPS data between the Si (2p) and Si (2s) data
starting from the bulk to the surface, the concentration of Si4* is higher in the surface region,
a surface with natural oxidation.
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In Fig.15 is present an experimental case of comparison between the XPS spectra of native
oxide SiO; in Si and native SiO; (quartz) and quartz exposed to different ion etching. In the
case of second ion etching it can be observed a shoulder in the XPS signal both on Si (2p)
line and Si (2s) line, this shoulder is related to the appearance of a sub-oxide, probably Si3+
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Fig. 14. Variation of concentration ratios for Si (2p) and Si (2s) as a function of TOA (900-0)

In principle, the thickness of the native amorphous oxide layer on top of silicon wafers
(usually in the range of 2-3 nm) may be directly measured on cross-section images of
transmission electron microscopy (TEM). Although the task seems easily achievable, we
would like to explain the technical difficulty of the procedure. Cross-section specimens for
TEM observations are prepared by gluing against each other fine stripes of Si diced from
the original wafer. The obtained sandwich is afterwards mechanically grinded followed
by ion milling until a hole is produced in the interface region. The thin border of the
created hole represents the useful area for TEM investigations. It is expected that TEM
images at high magnification of the wafer surface to reveal the native amorphous layer.
The impediment consists in the fact that the assembling resin holding together the two
stripes of Si is also amorphous, showing the same contrast as the native amorphous
silicon oxide layer, which makes it rather difficult to distinguish the limit between the two
amorphous materials in contact.

In our case, a cross section specimen has been prepared from a Si(100) wafer by mechanical
grinding and lapping on the two sides of the assembled Si-Si sandwich followed by ion
milling at low incidence angle (7 degrees) and 4 kV ion accelerating voltage in a Gatan PIPS
installation. The ion milling procedure has been ended with a fine milling step at low
voltage (2 kV) in order to remove the amorphous layer created by ion milling and
enveloping the surfaces exposed to ion beam. The TEM observation of the prepared
specimen has been performed on a JEOL 200CX electron microscope.
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Fig. 15. XPS signal for Si-2p (right) and Si-2s (left) for SiO,/Si (blue), SiO, (quartz- green),
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For a better observation of the amorphous surface layer, the cross-section specimen has been
oriented in the microscope along the [110] zone axis as shown in the Selected Area Electron
Diffraction pattern inserted in Fig. 16 (a). This way, the strongly diffracting crystalline
object, the Si wafer, shows a strong dark contrast, allowing to clearly seeing the interface
between the crystalline Si and the amorphous layer on the surface. In the thicker areas of the
TEM specimen, the assembling resin has not been removed during the ion milling
preparation stage (Fig. 16(a)). Here, the limit between the amorphous SiO; layer and the
amorphous assembling resin is rather difficult to notice. However, the contrast difference
between the two amorphous materials allows one to measure the thickness of the SiO» layer.
One can notice the roughness of the crystalline Si wafer and the amorphous band with a
rather constant thickness (about 2.5£0.5 nm) running along the surface.

In the thinner areas of the specimen (Fig. 16 ( b)), the assembling resin has been removed by
ion milling while a band of amorphous material with the same thickness (2.5+0.5 nm)
running parallel to the crystalline surface is still observable.

We conclude, therefore, that the thickness of the amorphous Si layer on top of the Si(001)
wafer measured by TEM is 2.5+0.5 nm.
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Fig. 16. (a) Cross-section TEM image of the Si surface in a thicker area of the specimen where
the assembling resin is still visible after the ion milling. Inset shows the (b) Cross-section
TEM image of the Si surface in a thinner of the specimen, where the assembling resin has
been removed by ion milling.

As it was stated in previous works [29, 30, 31] the interface between crystalline Si and its
amorphous native oxide SiO; is the basis for most current computer technology, although its
structure is poorly understood. In this line, the study of the structural properties of water
near a silica interface by classical and ab-initio molecular dynamics simulations is a part of
this effort. The orientation of water molecules at the interface determined in classical force
fields and quantum simulations [30] show that near the interface the water molecules are
oriented such that at least one of the hydrogen atoms are nearer the silica than the oxygen of
the water molecule. The importance of characterizing the atomic structure of the
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silicon/silicon dioxide interface as an essential component in highly integrated circuits has
steadily increased as a result of continuing miniaturization of silicon chips.

5. Conclusions

The surface investigations techniques put into evidence the characteristics of Silicon/Oxide

interface as it follows:

- the most important result is the XPS analysis of Si (2p) and Si (2s) signals that are
similar in the interface region

- the XPS signals of Silicon oxides are related to the oxidation states:Sil*, Si2+, Si®* and Si4*

- the concentration of Si4* is higher in the surface region of natural oxidation

- theresult of Ion etching of natural SiO; (quartz) present the oxidation state Si3+

- TEM result put into evidence a region of oxide at the surface that has the properties of
the interface including its irregularities, at a thickness of the amorphous Si layer of the
Si (001) wafer measured by TEM is 2.5+0.5 nm.
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1. Introduction

There is no needing emphasize about the importance of silicon (Si) as a material of choice for
almost all fields of the new nano- and microelectronics. Due to its unique structural and
physical properties, polycrystalline Si seems to be of special interest as a base for creating
so-called 3D-integrated circuits.

Various studies have established the main processes of carrier transport in the structures
based on this material. In particular, it was shown that tunneling and diffusion
recombination processes dominate under room temperature and applied low electric fields.
Nevertheless, the analysis and numerical simulation of the experimental data do not always
take into account the finite dimensions of the investigated structure and the appearance of
carrier depletion as an important component of the tunneling current observed
experimentally. Besides that, the fabrication of any device based on polycrystalline Si
requires high-temperature treatment. Therefore, the effect of such a treatment on the electric
properties of polycrystalline, amorphous and monocrystalline Si is also seemed to be
important. Regardless of the huge number of publications describing numerous
characteristics of the material and structures based on polycrystalline Si of various types of
conductivity, the question about room temperature carrier depletion (exclusion from the
contact regions) in polycrystalline material is still open.

As is known, native oxides of about 5-10 nm thickness are formed on surfaces after finishing
growth of semiconductor bulk materials or deposition (by molecular beam epitaxy,
modified liquid phase epitaxy, laser ablation, high-temperature treatment, etc.) of thin films
immediately after excluding the samples from the technological chamber. These ultrathin
layers form additional potential barriers which can sufficiently affect the performance of
active elements.

This chapter reports experimental data resulted from the investigations of room-temperature
current-voltage (IVC) and capacitance-voltage (CVC) characteristics performed on amorphous
silicon thin films fabricated by the magnetron sputtering technique and bulk crystalline silicon
of device quality grown by Czochralsky method. The low-resistive contact pads were placed
on front and faceplate surfaces of the samples. Studies of room-temperature electric field-



44 Crystalline Silicon - Properties and Uses

induced characteristics for these structures are seemed to be important for analyzing operation
of multi-element devices (for example, integrated circuits). It was found out that experimental
IVC’s and CBC’s are similar to those of metal-insulator-semiconductor structures. These
results are analyzed in framework of semiclassical theory of semiconductor devices.

2. Photosensitivity of amorphous silicon thin films prepared by magnetron
sputtering

Amorphous silicon is a unique material for design of a large number of novel optoelectronic
and photovoltaic devices. Structures Me/o-Si and a-Si thin films are the elements of choice
not only for fundamental studies but also for practical applications and numerical
simulations of their properties.

Examination of photosensitive and external electric field-induced characteristics of these
structures is of particular interest. Metal-semiconductor junctions Al/a-Si were chosen as an
object of the room temperature investigations. Amorphous silicon thin films (thickness up to
300 nm) were manufactured by magnetron sputtering technology in the range of the current
density (109-107) A/cm?2 at T = 300 K.

Current-voltage characteristics nd photosensitivity of the samples was carried out under
normal atmospheric conditions before and after the treatment of the structures in molecular
hydrogen. The hydrogenation of the samples was provided by the special chamber filled
in with molecular H2 during 24 hours at T = 400°C and the gas pressure Py = 2500 Pa

(Khlyap, 2003).
) Al © : ()41
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Fig. 1. Sketch of the experimental sample.

The experimental setup is plotted in Fig. 1. a-Si layers of 1 pm thickness were deposited on
the glass substrate by magnetron sputtering under activation of SiH; (silane) plasma
dissociation at alternate pulse bias with 55 Hz frequency. Pressure and temperature in the
growth chamber were P = 70 Pa and 225°C, respectively. Aluminum (Al) contacts doped
with silicon (1% Si) were manufactured through the mask of 1 mm diameter. The
investigated structure had been connected to the experimental measurement equipment.
Current-voltage characteristics were measured at room temperature under illumination by
UV-, near-IR and visual spectral ranges.

The experimental current-voltage characteristics (IVC) of the investigated samples are
illustrated by Fig. 2. The experiment was carried out under various illuminations. The IVCs
obtained under the background illumination (daylight, curve 1) and under irradiation by
the light source with 100 W power (curve 2) are approximated by the following expression:
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Iexper~ (Va)mr (1)
where m < 1.

IVCs of the structures obtained after irradiation by the light source with wavelengths in the
near-IR spectral region (curve 3) and by the UV source (curve 4) can be expressed as

Lexper~Isexp(eVa/kgT)m, (2)

where I is a saturation current defined by the parameters of the film (charge carrier mobility
and the dangling bonds density as well as by the tunneling transparency coefficient of the
Al - 0-5i barrier (Terukov, 2000&2001).
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Fig. 2. Current-voltage characteristic of the investigated sample (T = 300 K) (Khlyap, 2003).
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Fig. 3. Current-voltage characteristics of the investigated structure in double-log scale
(Khlyap, 2003).

Re-building the experimental IVC in double-log scale (Fig. 3) allows obtaining more detail
information about current mechanisms in the structures investigated.
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It is obvious that all the experimental current-voltage dependencies are approximated by
straight lines. According to the model (Terukov, 2001; Sze, 2007) one can suggest the
following explanation: the investigated samples are high-resistive films with one group of
the trap centers localized up the bottom of the conduction band (Fig. 4, Terukov, 2002).
Appearance of these centers causes the space charge limited current (SCLC).

c-band

v-band

Fig. 4. Schematic drawing of the energy levels in the forbidden gap of amorphous silicon
under thermodynamic equilibrium. E; is the trap level, Fy is the Fermi level position
(Terukov, 2000&2001).

In absence of the external electric field the initial electron concentration in the investigated
films is low and determined by the localization of the Fermi level of the material. In turn, the
Fermi level localization depends on the concentration and the ionization energy of the trap
centers E;. Under small applied bias the electrons injected from the Al contacts are confined
by the traps E:; As the applied voltage increases, the centers E; receive more and more
electrons; at the same time, the concentration of the injected charge carriers is also
increasing. This process is experimentally observed in the linear sections of the IVCs with
different slopes m. UV-radiation accelerates the interaction between the injected charge
carriers and the ones accumulated by the trap centers [Terukov, 2000; Khlyap, 2003).

The IR-photosensitivity of the films is of particular importance. The challenge is that the as-
grown films are quite not photosensitive. One of the simplest ways to make the layers
photosensitive is hydrogenation treatment of the films under certain temperatures. The as-
grown layers were placed in the special chamber filled with the molecular hydrogen for 24
hours at 400°C (the gas pressure in the chamber was 2500 Pa). Fig. 5 shows the experimental
current-voltage dependencies.

The experiment showed a sufficient reduction of the films resistance compared with original
values. The slope m has also been changed down to: m ~ 0.6 - 0.7. The photosensitivity in
the near-IR spectral region (~1600 nm) is also sufficiently improved at the applied bias 0-50
V (Khlyap, 2003).

3. Charge carriers exclusion in electronic polycrystalline silicon

The simple and reliable technique of current-voltage characteristics measurements was
applied for studying processes of carrier transport in the electronic polycrystalline silicon
(Reich; Akopian; Khlyap, 2004). The best samples of polycrystalline Si grown by the
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Czochralsky method were chosen for the investigations. Specimens of columnar and
granular crystal structure with dimensions 8mmx2mmx2mm of n-type conductivity were
polished in the solution HNO3:HF:CH3COOH = 3:1:1 and rinsed in unionized water in order
to maximally avoid the possible influence of surface effects on the results of electrical
measurements. The studies were carried out at room temperature under applied electric
fields 0 - 104 Vm-!, corresponding to applied biases in the range of 0 - 190 V.

el / T

Current |, A
m
©
\

—a—1 - 700 nm light source
——2-1500 nm light source
T oo = 290 K

exper

24 h H, heating, 400°C, P = 2500 Pa

1E-10 |
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Fig. 5. Experimental current-voltage characteristics of the investigated samples after
hydrogenation (Khlyap, 2003).

High-temperature (up to 1200°C) heat treatment of the samples was performed under
normal atmospheric conditions during 6 h in the furnace of the special construction
providing a stationary temperature gradient along the sample. The measurements of
current-voltage characteristics (IVC) were performed by means of the traditional bridge
method (Sze). Indium contacts were thermally deposited on the lateral facets of the sample.
The left and right contacts will be referred further as the first and the second ones,
respectively. All experimental dependencies are represented in the coordinates of In j ~
(Va)¥2, where j is the current density and V; stands for the applied voltage. Fig. 6 shows the
IVC of the sample of the columnar polycrystalline-like structure. As one can see, both curves
(“forward” and “reverse”) have no considerable difference, indicating a good quality of
metallic contacts. This IVC demonstrates the domination of at least two-step tunneling with
the threshold voltage Vrr ~ 9 V (Khlyap, 2004).

On the contrary, the IVC of the sample with the granular structure exhibited no asymmetry
between the forward and reverse currents (Fig. 7) (Khlyap, 2004).

High-temperature treatment (1100°C) of both samples does not change the IVCs
qualitatively (Fig. 8). However, the resistance of the samples becomes lower and the
threshold voltage of the sample with the columnar structure reduces down to 4 V. Increase
of the treatment temperature up to 1100°C does not lead to significant changes of the IVCs in
neither sample.

As we have noted, the dominant process in carrier transport is the tunneling. Nevertheless,
the attempts of numerical simulations of the experimental data according to the theoretical
models developed specifically for tunneling currents (Sze) failed to describe the observed
results, so that we have been forced to take into consideration the phenomena of carrier
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Fig. 7. Current-voltage characteristics of the sample with granular structure before high-
temperature treatment (Khlyap, 2004).
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with granular structure and curve 2 corresponds to the sample with columnar structure)
after high-temperature (9000C) treatment (Khlyap, 2004).
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depletion and fluctuation of the carrier concentration on the inter-grain boundaries in the
bulk of the sample (Reich, Akopian).

The depletion of charge carriers was observed experimentally and analyzed in the Ge-based
monocrystalline diodes of finite length (Akopian). The effect strongly depends on the
surface recombination velocity, sample length and temperature. The problem is somewhat
more complicated for the structures based on polycrystalline materials, because it is
necessary to take into account the processes of charge transfer along the sub-grain
boundaries. The most important is to estimate the potential distribution in the bulk of the
sample in order o determine the regions of carrier depletion. The potential distribution
caused by the movement of carriers from the first contact toward the second one is
described by the following expression (Akopian):

U = (ksT/€)[}j(Dni)-1 - 612(no)3/L2n;(2no + ny)], 3)

where [ is the length of the sample, j is the charge carriers flow, L = [(2D,D,/(D,, + Dy)t]¥2,
D, are the diffusion coefficients for electrons and holes and t = 10 s is the lifetime of the
carriers (this value is accepted to be the same for both electrons and holes), 1y = 1010 cm-3
stands for the intrinsic electron concentration, and n; = 1018 cm=3 takes care of the carrier
concentration immediately involved in the charge transfer. Numerical estimations were
carried out for both the samples. The depletion as an almost completely sweep out of the
carriers was observed only for the sample of the columnar structure after the heat treatment
at 9009C. The results obtained for this sample are plotted in Fig. 9 for the range of applied
biases 0.2-1.8 V, which seems to be of particular interest for device operation. The linear
character of the calculated potential distribution shows (Khlyap, 2004) a considerable
accumulation of carriers near he second contact region increasing with the increase of the

applied bias.

Potential U, mV
8

00 01 02 03 04 05 06 07 08 09 1.0
Length, cm

Fig. 9. Potential distribution for the sample with columnar structure after high-temperature
(9000C) treatment at the applied voltage V,, V: (1) 0.2, (2) 0.6, (3) 1.0, (4) 1.4, (5) 1.8 (Khlyap,
2004).

According to the theory developed in (Reich et al.), the tunneling current j reads as follows:

In(j/jo) = (-1/5)(2/ m)"/2(Uo/ Ep)*/4[ni(as)’] /2, (4)
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where Uy is the height of the barrier, Ep = me#/(h%/272)e2 and ap = (h2/472)%/me? are the Bohr
radius and energy for the electron, m, is the effective mass, € is the dielectric constant of Si,
and jy stands for the saturation current. The calculation based on experimental data has
demonstrated that the barrier height Uy before the heat treatment of the samples is 0.48 eV
and 0.36 eV for the granular and columnar samples, respectively. After heat treatment under
900°C these values are 0.12 and 0.9 eV, respectively (Khlyap, 2004).

In summary, current-voltage characteristics and the effect of the high-temperature heat
treatment (900 - 1100°C) on carrier transfer in bulk polycrystalline Si of granular and
columnar structures have been investigated. The temperature 900°C has been shown to be
optimal for i) reduction of the barrier height in samples of granular structure and ii) a
considerable accumulation of carriers in the region of the second contact. The first
experimental results reported in (Khlyap, 2004) demonstrated the possibility of additional
accumulation of charge carriers in bulk polycrystalline Si of n-type conductivity after high
temperature treatment without sufficient increase of the applied electric field (Khlyap, 2004).

4. Electric characteristics of the structure bulk silicon — native oxide

As we have mentioned above, the native oxide formed immediately after the sample
preparation (a bulk specimen or a thin film) is an unavoidable factor of any technological
process and the following design of the active element. We have investigated room-
temperature electrical (current-voltage, IVC, and capacitance-voltage, CVC) characteristics
of the structure bulk silicon-native oxide. The scheme of the contacts (idium pads) deposited
on the bulk silicon sample is illustrated in Fig. 10.

3

Fig. 10. Schematic image of In-contact pads deposited on the bulk crystalline silicon sample
for the room-temperature electric investigations.

We have focused on examining the current-voltage functions registered under the
application of external electric field in directions “1-2” and “2-1” as well as in directions “1-3,
2-3” and “3-1, 3-2”. The sets of the device-quality crystalline silicon of n-type conductivity
were chosen for this experiment. The samples were cut off from the as-grown ingots.

The experimental electric field-induced characteristics are plotted in Fig.11, a-c. Obvious
that all the experimental current-voltage functions are described by the power law I~(F,)m,
where F, is an applied electric field, and m is an exponential factor determining the mode of
the charge carriers transfer through the sample as a finite volume (directions 1-2 and 2-1)
and through the sample volume - sample surface space (direction 1-3). The numerical
analysis performed in the frame of the semiclassical model (Sze) demonstrated that the
carriers flow through the volume of the sample according to the ballistic - diffusion mode
(the forward current, Fig.11, a), and the dominant tunneling current is observed for the
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reverse current (Fig.11, b). The tunneling current is also observed for the direction 1-3
(Fig.11, c), but as the applied electric field increases, the tunneling process begins to be
suppressed by the diffusion of the curries due to lowering the potential barrier formed by
the native oxide.
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Fig. 11. Room-temperature electric field-induced characteristics of the structure bulk
crystalline silicon-native oxide; a) contacts 1-2, b) contacts 2-1, c) contacts 1-3 (see notes in
Fig.10).
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Thus, these experimental data are of the barrier type which is more typical for as-prepared
metal-semiconductor structures. To confirm this conclusion we have made the capacitance-
voltage measurements at T = 290 k and the test signal frequency f = 1 kHz. The experimental
results are plotted in Fig.12, a-c.
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Fig. 12. Room-temperature capacitance-voltage characteristics of the investigated structure
under the test signal frequency f =1 kHz: a) contacts 1-2; b) contacts 1-3 (see notes in Fig.10);
¢) a control metal-semiconductor structure (In-mono-n-Si).
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The experimental data have allowed calculating some main parameters of the structure bulk
crystalline silicon-native oxide according to the theory (Sze). The results are listed in Table 1.

Charge Space . Diffusion
centers Contact charge region otential
concentration width P
N01=1.26><1012 cm2 1.2 W01=14.8 Hm Vd1 =053V
Np=7.05x1012 cm-2 Wp=14.9 pm Vi =140V
No01=1.62x1013 cm-2 23 W0=15.5 pm Va1 =350V,
No2=1.94x1013 cm-2 Wp=15.5 pm V=420V

Table 1. Electric parameters of the investigated structure.

5. Electric parameters of the structure recrystallized nanocrystalline silicon-
Cu/Ag-nanocluster contacts

The unique room-temperature electrical characteristics of the porous metallic nanocluster-
based structures deposited by the wet chemical technology on conventional silicon-based
solar cells were described in (Laptev & Khlyap, 2008). We have analyzed the current-
voltage characteristics of Cu-Ag-metallic nanocluster contact stripes and we have
registered for the first time dark currents in metallic structures. Morphological
investigations (Laptev & Khlyap, Kozar et al., 2010) demonstrated that copper particles
are smaller than 0.1 pm and smaller than the pore diameter in silver. The contacts were
deposited on nanocrystalline silicon structures obtained by the pulse laser
recrystallization of the silicon thin films grown on insulator substrates. The experimental
results are illustrated in Fig.13.

The numerical analysis showed the following results: the first section of forward current

I = TunAa(de/9L2)(2e/m*)1/2(V,)3/2

(ballistic mode) and the second one as

I= TtunAel(ZSVS/Lz) Va/

and the reverse current is

I= TunAa(2evs/ L)V,

(velocity saturation mode). Here Twn is a tunneling transparency coefficient of the
potential barrier formed by the ultrathin native oxide films, Aq and L are the electrical
area and the length of the investigated structure, respectively, & is the electrical
permittivity of the structure, m* is the effective mass of the charge carriers in the metallic
Cu-Ag-nanoclucter structure, and v is the carrier velocity (Kozar et al., 2010). These
experimental data lead to the conclusion that the charge carriers can be ejected from the
pores of the Cu-Ag-nanocluster wire in the potential barrier and drift under applied
electric field (Sze & Ng, 2007; Peleshchak & Yatsyshyn, 1996; Datta, 2006; Ferry &
Goodnick, 2005; Rhoderick, 1978).
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Fig. 13. Room-temperature current-voltage characteristics of the structure recrystallized
nanocrystalline silicon-Ag/Cu-nanocluster contacts.

6. Conclusions

The chapter presented here reviews the principal experimental results obtained under
simple and reliable room-temperature electric measurements of the structures based
on various type of device-quality silicon with taking into account the effect of ultrathin
native oxide films unavoidably formed after the preparation of the active element.
Amorphous silicon thin films prepared by the magnetron sputtering technology have
showed good photosensitive properties. Polycrystalline bulk silicon samples were
investigated after the high-temperature treatment in order to clarify this effect on electrical
performance of the active elements (in particular, future ICs). The necessity of different
placement of contact pads on bulk crystalline silicon samples have forced us to
concentrate on the examination of the IVC and CVc of the structures formed by the silicon
samples and the native oxide. These investigations demonstrated that the influence of the
native oxide ultrathin films forming additional (sharp or graded) potential barriers is to
be taken into account under many technological processes using for the device design.
And, the attempting to solve the problem of the performance of low-cost high-effective
solar cells based on conventional silicon resulted in unique chemical wet deposition
technology which has allowed producing Ag/Cu-nanoclustered structures on
recrystallized nanocrystalline silicon. Their current-voltage characteristics are similar to
those of semiclassical metal-semiconductor structures
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1. Introduction

Defects in crystalline materials modify locally the periodic order in a crystal structure. They
characterize the real structure and modify numerous physical and mechanical properties of
a crystal. Crystal defects are generally divided by their dimension: point defects are also
known as zero-dimensional (0-D) defects, while dislocations are 1-D, twins and grain
boundaries are 2-D, and precipitates are denoted as 3-D defects. Dislocations were
implemented for the first time in the early 1900th to explain the elastic behavior of
homogeneous, isotropic media. Based on Volterra’s “distorsioni” (Volterra, 1907), Love has
introduced the term “dislocation” to describe a discontinuity of displacement in an elastic
body (Love, 1927). The application of this term to denote a particular elementary type of
deviation from the ideal crystal lattice structure was due to Orowan (1934), Polanyi (1934),
and Taylor (1934a, 1934b).

A dislocation is characterized by a vector parallel to the dislocation line and a displacement
or Burgers vector which is a certain finite increment b induced by the elastic displacement
vector n. The Burgers vector is equal to one of the lattice vectors in magnitude and direction
and may be written as (Hirth & Lothe, 1982)

ou;
$du; = [Thds = —b; . 1)

The direction along the contour s is that of a right-hand screw relative to the chosen
direction along the dislocation line ¢, that is, relative to the unit vector t tangent to the
dislocation line (Frank, 1951). The edge dislocation, introduced by Orowan (1934), Polanyi
(1934), and Taylor (1934a, 1934b), is represented by the line £ along which the vectors t and b
are perpendicular. If the vectors t and b are parallel, then the corresponding dislocation is
called a screw dislocation (Burgers, 1939, 1940). In many materials, dislocations are found
where the line direction and b are neither perpendicular nor parallel and these dislocations
are called mixed dislocations, consisting of both edge and screw character.

In the elastic theory of isotropic media a dislocation is a line representing the boundary of
the slipped region. Its strength is characterized by the displacement. The strain field around
the dislocation is depicted as a cylinder. Among other things, the model explains the strain
distribution around the dislocation, but cannot describe the strain in the center, i.e. in the
core of the dislocation. Furthermore, the model does also not regard the influence of the
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lattice periodicity of real crystals. Burgers & Burgers (1935) as well as Taylor (1934a, b),
Polanyi (1934), and Kochendorfer (1938) already pointed out that a dislocation moves by
skipping individual atoms via potential walls. A first phenomenological model considering
a potential energy of displacement that reflects the lattice periodicity was proposed by
Frenkel and Kontorova (see Dehlinger and Kochendorfer, 1940). The model was modified by
Peierls (1940) and extended by Nabarro (1947). Here, the displacement of the crystal lattice
and the associated stress are considered to be caused by a number of infinitesimal
dislocations originally suggested by Eshelby (1949). For edge dislocations, the width, or core
region, in the Peierls-Nabarro model is given by

26 =d/(1—v) ()

where d is the lattice plane distance and v is the Poisson ratio. The introduction of the
parameter ¢ has the effect of removing the singularity at the origin of the dislocation that
is present in model of Volterra (Hirth & Lothe, 1982). For screw dislocations the Peierls-
Nabarro model assumes a stress component near the core which spreads out of the plane.
This phenomenon anticipates the dissociation of a dislocation. The model also explains
the motion of dislocations and results in the introduction of the Peierls energy, which
represents the periodic displacement potential energy, as well as the Peierls stress
required to overcome this potential barrier. The concept of kinks and jogs in dislocation
lines is also a consequence of the model (Friedel, 1979). The Peierls-Nabarro model has
been influential in the development of dislocation theory of more than 60 years. It was, for
instance, modified to explain the dislocation motion (Hirth & Lothe, 1982), or to
understand the structure of the dislocation core (Duesbery & Richardson, 1991; Bulatov &
Cai, 2006).

Early investigations on semiconductor materials indicated the presence of electrically
charged dislocations. It was already proved by Gallagher (1952) that plastic deformation of
silicon and germanium increases their resistivity. Hall effect measurements suggested the
introduction of acceptor-type levels in n-type Ge by deformation which was explained by
negatively charged dislocation lines screened by a positive space charge region (Pearson et
al., 1954). Based on these results and a remark of Shockley that dangling bonds in the core of
an edge dislocation exist, Read (1954a,b) formulated a phenomenological theory of charged
dislocations. He introduced the concept of dislocation electron levels, the occupation ratio of
dislocation levels, and the radius of a Read cylinder surrounding each charged dislocation
and screening the linear charge localized on it. Read (1954a,b) assumed that the dislocation
states are represented by a single level or a one-dimensional band which is empty when the
dislocation is in the neutral state. This assumption is applicable only at low temperatures
(Labusch & Schroter, 1980). On the other hand, Schroter and Labusch (1969) argue that even
at higher temperatures the dislocation band is half filled in the neutral state. Furthermore,
dangling bonds does not exist in real dislocations. Numerous theoretical and experimental
investigation particularly on dislocations in silicon refer to reconstructed dislocation cores.
Therefore the electrical activity is related to defects on the dislocation core, such as kinks,
jogs, and also by point defects bound to the core or in the elastic or electric field of the
dislocation (Schroter & Cerva, 2002). While different types of dislocations are distinguished
by different core defects their electrical activity is different (Alexander & Teichler, 1991). In
addition, the concentration of point defects interacting with dislocations is doubtful even in
the case of elemental semiconductors.
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The present chapter reviews the current understanding about the structure and properties of
dislocations in silicon and is based on earlier reviews given for instance by Bulatov et al.
(1995), Alexander & Teichler (2000), Schroter & Cerva (2002), Spence (2007), and Kveder &
Kittler (2008). All these papers demonstrate a substantial progress over the years but show
also that a number of problems such as dislocation mobility, structure of the dislocation
core, or electronic properties are not completely solved (George & Yip, 2001; Spence 2007).
For instance, ab-initio computer simulations using different approaches result in a large
number of models of the core structure of different dislocations which are not verified
experimentally. The experimental data of dislocation motion can only be partially simulated
by limiting the number of atoms, etc. (Bulatov & Cai, 2006). Another problem is the
fundamental difference between theoretical calculations and experiment. While only
individual dislocations are regarded in most of the calculations, a large number of
dislocations is involved in experimental measurements such as plastic deformation. These
measurements integrate not only over a number of dislocations but may also include data of
different dislocation types and the interaction with a more or less unknown concentration of
point defects. A further paragraph of this chapter is therefore dedicated to the preparation
and characterization of only a small number of defined dislocations.

2. Structure of dislocations in silicon

Silicon crystallizes in the cubic diamond structure (space group Fd3m). The lattice constant is
a = 0.543 nm. The glide plane is {111} and perfect dislocations have Burgers vectors of the type
b = a/2(110). Hornstra (1958) has introduced two types of perfect dislocations in the diamond
lattice: a pure screw dislocation and the so-called 60° dislocation, where the Burgers vector is
inclined at an angle of 60° to the dislocation line. The diamond structure corresponds to two
face-centered cubic (fcc) lattices displaced by (1/4,1/4,1/4). Hence, atoms in both lattices do
not have identical surroundings. Due to this fact, there are two distinct sets of {111} lattice
planes; the closely spaced glide subset and the widely spaced shuffle subset (Hirth & Lothe,
1982). There is a long controversial discussion about the dominant dislocation type in the
diamond structure. Early publications suggest the presence of dislocations in the shuffle set
because movement through one repeat distance on a shuffle plane breaks one covalent bond
per atomic length of dislocation (e.g. Seitz, 1952). The equivalent step on a glide plane involves
the breaking of three bonds (Amelinckx, 1982). The idea of splitting or dissociation of perfect
dislocations in the diamond structure has been commented for the first time by Shockley
(1953) and was experimentally proved later on by electron microscopy. The introduction of the
weak-beam method by Cockayne et al. (1969) has particularly shown that dislocations in
silicon are in general dissociated and glide in this extended configuration. Both the screw and
60° dislocation belonging to the glide set can dissociate into pairs of partial dislocations
bounding an intrinsic stacking fault ribbon (Ray & Cockayne, 1971; Gomez et al., 1975; Gomez
& Hirsch, 1977). On the other hand, screw and 60° dislocations of the shuffle set can only
dissociate into partials bounding an intrinsic stacking fault if there is a row of either vacancies
or interstitials associated with one of the partials (Amelinckx, 1982). Most of the evidence
indicates that the dislocations found in plastically deformed silicon belong to the glide set
(Hirsch, 1985; Alexander, 1986; Duesbery & Jo6s, 1996).

For the 60° dislocation a 30° partial and a 90° partial dislocation are formed through
dissociation, while the screw dislocation dissociates into two 30° partials (Gomez et al., 1974;
Heggie and Jones, 1982). These is described by the dissociation reaction (Marklund, 1979)
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b—)bl+bz, (3)

where in the case of a 60° dislocation

a a a
b=5[011] b= 3 [121] b= [111] (4a)
and for a screw dislocation
b= %[011] b, = %[121] b, = %[zﬂ (4b)

holds. The 30° as well as the 90° dislocations are of the Shockley type. The dissociation result
as well in the formation of a stacking fault between both partial dislocations. The size of the
stacking fault, i.e. the width of the splitting of the perfect dislocations do, depends in a stress
free crystal on the stacking fault energy ysr and the repulsion force F of the partial dislocations

do=— ©)
* " ver
The repulsion force is calculated using elastic constants given by the linear theory of
elasticity resulting in (Amelinckx, 1982)

do = Gb? 2-v (1 21/) 26
0_81Tysp 1-v 2—-v cos (6)

where G is the shear modulus, and © the angle between the dislocation line and the Burgers
vector of the perfect dislocation. In a stressed crystal the two partials are exposed to
additional forces which are in general different. Depending on the crystallographic
orientation the external stress causes an increase or a decrease of do. Therefore the width of
the splitting of a dislocation dp by applying a resolved shear stress 15 is given by (Wessel &
Alexander, 1977)

do
= 1—ay bt @)
1+[#_1+a '2)/;,:

with # being a geometric factor and o = p1/p2 as the ratio of mobilities ; of both partial

dislocations.
, el

T e S e 0 g g
@) (b)

Fig. 1. Models of the core structure of an unreconstructed (a) and a reconstructed 30° partial
dislocation (b) according to Northrup et al. (1981) and Marklund (1983).

dp




Structure and Properties of Dislocations in Silicon 61

The initial models of perfect dislocations assumed dangling bonds in their core (Shockley,
1953; Hornstra, 1958). Experimental data, however, obtained mainly by electron
paramagnetic resonance (EPR) spectroscopy refer to a low density of such dangling bonds
(Alexander & Teichler, 2000). Dislocations of the glide set reconstruct by dissociation
(Heggie & Jones, 1983; Marklund, 1983; Alexander, 1991), while dislocations of the shuffle
set, which may exist at high applied shear stress, can stabilized by interaction with vacancies
(Li et al. 2008). Different models of the core structure of partial dislocations have been
suggested (figure 1, 2). The model of an unreconstructed 30° partial dislocation was
presented and verified experimentally by high-resolution transmission electron microscopy
(HRTEM) by Northrup et al. (1981). Models of the reconstructed 30° partial dislocation were
proposed by Marklund (1983), Chelikowsky (1982), and Cséanyi et al. (2000). In this
configuration, the dangling bonds are saturated after the pairs of neighbouring core atoms
move closer together to form bonded dimers. The reconstruction breaks the translation
symmetry and doubles the period along the dislocation line from b to 2b, where b is the
magnitude of the Burgers vector. A defect appears at the boundary between two segments
reconstructed in the opposite sense (so-called antiphase defect (Hirsch, 1979) or soliton
(Heggie & Jones, 1983)).

The core reconstruction of the 90° partial dislocation was studied for more than 30 years.
The driving force for core reconstruction is the same as for the 30° partial, that is the high
energy of the unsaturated dangling bonds. A first model was proposed by Hirsch (1979). In
this reconstruction there is a displacement that breaks the mirror symmetry normal to the
dislocation line, enabling threefold coordinated atoms in the unreconstructed core to come
together and bond. In this way two degenerate reconstructions exist. This core
reconstruction is shown in figure 2a. The symmetry breaking displacement does not alter
the translational symmetry along the dislocation line, which retains the same periodicity as
the crystal (Bulatov et al., 2001). Another core reconstruction was proposed by Duesbery et
al. (1991). In this structure the mirror symmetry is not broken and the atoms on either side of
the dislocation line move towards each other so that each core atom has three nearest
neighbours plus two more neighbours at a somewhat greater distance. This reconstruction is
known as the quasi-fivefold reconstruction. Simulations, however, indicate that the quasi-
fivefold configuration was higher in energy (Bigger et al., 1992). Benetto et al. (1997)
proposed a new core reconstruction for the 90° partial dislocation with double the
periodicity along the dislocation line (figure 2b). They found also that this reconstruction
has a lower potential energy than the single period reconstruction. Further simulations,

86668666
@)

Fig. 2. Models of the core structure of a single period (a) and a double period reconstruction
of a 90° partial dislocation (b) according to Bulatov et al. (2001).
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however, have shown that the energy differences between the single and double period
structures are very close (Lehto & Oberg, 1998).

3. Electronic properties of dislocations in silicon

Dislocations interfere the translational symmetry of the crystal. As a consequence energy
levels in the band gap result. First analyses were done by Read (1954a, b) who concerned
with long-range screening and occupation statistics in the presence of the macroscopic band
bending due to the dislocation. Based on early experiments of the plastic deformation of
heavily doped p-type Ge single crystals (Gallagher, 1952; Pearson et al., 1954) Read
concluded that only an acceptor level is introduced by edge dislocation. According to this
model the dislocation is negatively charged. The line charge of the dislocation is screened by
ionized donor atoms in a cylinder. Free electrons cannot penetrate this space charge cylinder
and are scattered by specular reflection at its surface. For the position of the energy level of
the neutral dislocation Read (1954a) obtained a value of 0.2 eV below the conduction band.
The acceptor model of the dislocation states was not confirmed by measurements on p-type
Ge and Si with lower doping levels (Schréter, 1969; Weber et al., 1968). It was concluded that
dislocations can act as acceptors and as donors and consequently a partially filled band was
attributed to the dislocation, in agreement with theoretical predictions (Schréter & Labusch,
1969). Veth and Lannoo (1984) combined the models of Read and Schréter & Labusch. They
carried out a self-consistent calculation of the potential in the vicinity of the dislocation,
point to an intraatomic Coulomb term ], and treat screeing in the dislocation core as
dielectric perturbation. Outside the core, classical screeing by ionized dopant atoms or free
carriers take place. The transition between the two screening mechanisms was analyzed.
From this analysis follows a parameter-free formula for the total shift of the dislocation level
E. with respect to the edge of the undisturbed valence band

E, = ]?p + zzjlp [ln (g) - 0.616] ®)

with p as the number of excess electrons per atom, € the dielectric constant, a the distance
between two core atoms, and R as the radius of the screening space-charge cylinder (Read
cylinder), given by

R=(a - |Np— Ny|)~1/2 )

In Eq. (8) Np and Ny are the concentrations of donors and acceptors, respectively. Veth and
Lannoo (1984) pointed out that Eq. (8) is linear with p, which fits the experimental data with
Read’s model and corresponds to the line charge model by Labusch & Schroter (1980). There
are several problems that have to be solved by any model of the charged dislocation core.
One is the electrostatic potential around a charged dislocation. Another is the mobility of the
charges on the dislocation line.

Computer simulations result in a number of deep levels related to defects on the dislocation
core (Alexander & Teichler, 1991). The energy levels depend strongly on the geometry of the
defects. For instance, the structure and resulting energy levels of 30° partial dislocations
were studied by Marklund (1979), Northrup et al. (1981), Chelikowsky (1982), and Cséanyi et
al. (2000). Deep levels related to 60° or 90° partial dislocations were summarized by
Alexander & Teichler, 1991). All the computer simulations clearly demonstrate that deep
levels are caused by core bond reconstruction and reconstruction defects. Most of the



Structure and Properties of Dislocations in Silicon 63

models, however, prefer reconstruction defects (antiphase defects, solitons) to explain the
electronic properties of dislocations (Marklund, 1979; Heggie & Jones, 1983; Justo & Assali,
2001). Furthermore, electronic band gap calculations in combination with electron energy
loss spectroscopy of dislocations in GaN revealed that impurities bonded to the dislocation
core may induce electronic levels in the band gap (Bangert et al., 2004). On the other hand,
the interaction of core defects with otherwise electronically active centers can also result in
inactive complexes (Heggie et al., 1993; Jones et al., 1993).

Besides deep levels related to the dislocation core, shallow levels exist corresponding to
more extended states, either states associated with stacking faults between two partial
dislocations or states of electrons and holes trapped in the elastic deformation field of the
dislocation. Calculations of energy levels related to stacking faults refer to the existence of
shallow levels up to 0.1 eV above the valence band edge (Marklund, 1981; Mattheiss & Patel,
1981; Lodge et al., 1989). The shift of point defect levels relative to the silicon band edge may
also be caused by the dislocation strain field. The response of the Si band structure to
homogeneous elastic stresses has been investigated and is described by the deformation
potential Zj (Bardeen & Shockley, 1950), which is written for the conduction band edge as
(Keyes, 1960)

AEC = z EU : gij
4 (10)
where &; denotes the components of the strain tensor. Considering one minimum in the
centre of the Brillouin zone and assuming an elastically isotropic material as an
approximation, the shift of the conduction band minimum is given by the trace of the strain
tensor and one component of the deformation potential tensor, Zq (Schroter & Cerva, 2002):

b, - E4(1 —2v) sin®

ABc = 2(1—v) T 1n

In polar coordinate system ® means the angle between r and b., the edge component of the
Burgers vector. If Z; is positive, the conduction band edge is lowered in the compressed
region of an edge dislocation and increases in its tensile region. The behavior is reverse for
negative values of 5. In addition, the strain field results also in an effective shift of the point
defect level. If the strain-induced shift of the point defect level is described by the
deformation potential 5,4, one obtaines a position-depending shift AE,, s of the conduction
band edge and point defect level (Schréter & Cerva, 2002)

b(Ed - :pd)(l - ZV) . sSin®
2n(1l—v) r 12)

AEC,pd = -

Analogous models for 60° and screw dislocations in p- and n-type elemental
semiconductors (Si, Ge) have been proposed by Shikin & Shikina (1995).

The electrical activity of dislocations in silicon and germanium was studied by numerous
methods where mostly plastic deformation was applied to produce defined dislocation
arrangements (for instance, Schroter & Cerva, 2002; Alexander & Teichler, 2000). Hall effect
measurement was primarily applied to verify the electrical activity of dislocations and to
propose first models (Gallagher, 1952; Read, 1954a, b; Schroter & Labusch, 1969). Electron
paramagnetic resonance (EPR) spectroscopy provides substantial information about the
structure and, in combination with other techniques, electronic core defects (Kisielowski-
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Kemmerich, 1990; Alexander, 1991; Alexander & Teichler, 1991, 2000). Plastic deformation
introduces a variety of EPR-active defects in Si. Some of them denoted as Si-K1, Si-K2, Si-Y,
and Si-R have been identified to be associated with the dislocation core, others, namely Si-
K3, Si-K4, and Si-K5 with deformation-induced point defect clusters (Alexander & Teichler,
1991). Si-K6 and Si-K7 are ascribed to impurity atoms in the dislocation core. It was
concluded that all EPR active centers attributed to dislocations belong to vacancies
introduced into the core of the 30° partials forming screw dislocations. There is hitherto no
satisfying explanation, why paramagnetic centers are not observable for 60° dislocations
(and therefore 90° partials). EPR requires defined charge states of defects which can be
different for 60° and screw dislocations.

Properties of deep levels generated by lattice defects are also investigated by deep level
transient spectroscopy (DLTS) introduced by Lang (1974). The method probes changes of
the capacity of the space charge region of a diode caused by reloading of deep levels. For
point defects, emission and capture rate are linearly dependent on the occupation ratio of
the defect level so that capacitance transients are exponentially dependent on time during
capture and emission. The analysis of the DLTS-line variations with correlation frequency
and filling pulse duration is then straightforward and yields the level of the defect
(ionization enthalpy and entropy, its electron or hole capture cross section, and its
concentration (Schroder & Cerva, 2002)). For dislocations, line charge fluctuations modify
the electron emission resulting in a non-exponential transient and gives rise to a broadening
of the corresponding DLTS line (Figielski, 1990). Some important features such as the C-line
in n-type silicon, the F-line in p-type Si as well as B- and D-line in plastically deformed Si
were analyzed in detail (for a review see e.g. Schroter & Cerva, 2002). The interaction of
dislocations especially with metal impurities was also intensively studied with DLTS (Seibt
et al., 2009a).

Fig. 3. Temperature dependence of the EBIC contrast of defects in multi-crystalline silicon.
Measurements at 300K (a), 80K (b), and 30K (c).

Several techniques have been applied to analyze with spatial resolution the recombination
activity of dislocations such as scanning deep level transient spectroscopy (SDLTS,
Breitenstein & Wosinski, 1983), photoluminescence, light beam induced current (LBIC), and
electron beam induced current (EBIC). EBIC and LBIC are unique among the electrical
characterization methods with respect to a spatial resolution, sufficient to measure
individual dislocations. In EBIC, for instance, the variation of the current at a Schottky
contact resulting from excess electrons and holes generated locally by the electron beam is
measured, when the specimen area of interest is scanned. The values of the current at the
dislocation lgis and away from it, Io, are used to define the contrast Cais = (Io-Lais)/ Io of single
dislocations. The measurement involves the dependence of Cgis on the temperature and the
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beam current of the electron probe. The temperature dependence of the defect contrast,
Cuais(T), is illustrated in figure 3 for different defects (intra-grain dislocations, grain
boundaries, etc.) in multi-crystalline silicon. Furthermore, Cgis is proportional to the
recombination rate of minority carriers at a dislocation. A theoretical description was
derived by Donolato (1979, 1983) and Pasemann (1981). Numerous experimental
investigations showed that dislocations in different Si materials often exhibit very different
EBIC contrast behavior Cqis(T) which is caused by different concentrations of deep intrinsic
core defects and impurities. Different models were presented to explain the contrast
behavior (Schroter and Cerva, 2002). A quantitative explanation of the experimental results
was proposed by Kveder et al. (2001) which differs from earlier model (Wilshaw & Booker,
1985) by including electronic transitions between one-dimensional bands and deep localized
states due to overlapping of their wave functions. Taking these transitions into account the
dislocation recombination activity is properly described.

In 1976, Drozdov et al. (1976) proved lines in the photoluminescence spectra of deformed n-
and p-type Si associated with dislocations. The lines are denoted as D1 - D4 (figure 4). The
maximum position of the lines were measured at T = 4.2K as D1 = 0.812 eV, D2 = 0.875 eV,
D3 = 0934 eV, and D4 = 1.000 eV. The relative intensity of D1 to D4 depend on the
dislocation density and distribution and can vary in different samples. The polarization of
the D-lines emission and their response to uniaxial stress has been utilized to establish their
relations to dislocations. Lines D1 and D2, on the one hand, and lines D3 and D4, on the
other, show similar shifts by applying uniaxial stress and therefore have been grouped as
pairs (Drozdov et al. 1977; Sauer et al., 1985). Polarization measurements were carried out to
determine the electric field vector € of the luminescent light. Using three different
registration directions ([211],[111], [011]), the € vector within the primary slip plane, along
[111], with a polarization of about 30% was found for D1/D2 (Weber, 1994). D3 and D4
exhibit an € vector within the primary glide plane roughly along [011], i.e. along to the main
Burgers vector, and with a polarization of about 20%. These findings strongly point to the
dislocations as radiative centres for D3/D4. For D1/D2 the situation is more complex. The
energy positions of D3 and D4 depend on the distance between partial dislocations
suggesting that both originate from recombination processes at straight segments of 60°
dislocations (Sauer et al., 1986, 1994). In addition, photoluminescence measurements on
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Fig. 4. Photoluminescence spectrum of dislocated silicon recorded at 80K. The spectrum
shows the presence of dislocation-induced D-bands (D1 - D4) besides the band-band
luminescence (BB).
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dislocations in epitaxially grown SiGe layers refer to D3 as a phonon assisted replica of D4
(Weber & Alonso, 1990).

The origin of the D1 and D2 lines is still not understood. There are investigations referring
that both lines are related to impurity atoms in the dislocation core (Higgs et al., 1993),
dislocation jogs (Watson et al., 1998), or segments of dislocations (Lomer dislocations)
appearing due to dislocation reactions, multi-vacancy and/or self-interstitial clusters
trapped in the core (Jones et al., 2000).

4. Grain boundaries

Crystallization and recrystallization are typical processes to produce multi-crystalline silicon
as the mostly applied material in solar cell manufacture. Multi-crystalline silicon, or in
general polycrystalline materials, consists of numerous (single crystalline) grains with
different crystallographic orientations separated by grain boundaries. The geometry of a
grain boundary is macroscopically characterized by five degrees of freedom: three angles
define the crystallographic orientation of both crystals with respect to each other, while two
parameters describe the inclination of the grain boundary plane. To fully characterize the
boundary geometry on a microscopic level, three additional parameters are required to
define the atomic-scale relative translation of the two grains. Depending on the
misorientation, grain boundaries are of the tilt type, when the rotation axis lies in the
boundary plane, or of the twist type, when the rotation axis is normal to the boundary
plane. A general grain boundary may have tilt and twist components.

Based on previous consideration of Burgers, Bragg, and Frank (see Amelinckx, 1982), first

models of grain boundaries have been proposed by Shockley & Read (1949), Read &

Shockley (1950), van der Merwe (1949), and Cottrell (1953). Besides a classification into tilt

and twist boundaries, grain boundaries may be divided by their angle of misorientation &

into low-angle (Ocp < 5°) and large-angle grain boundaries. More comprehensive definitions
distinguish between singular, vicinal or general interfaces (Baluffi & Sutton, 1996), or

between general (or random) and special grain boundaries (Chadwick & Smith, 1976).

Special grain boundaries exhibit a periodic structure, while general grain boundaries show

no appearent periodicity.

Numerous investigations have been carried out about the structure of grain boundaries in

silicon. From these investigations it is concluded that (Seager, 1985):

1. Silicon grain boundaries are primarily composed of regular defects: perfect dislocations,
partial dislocations, and stacking faults. There are no evidences for distinct amorphous
phases at the grain boundary. This is true for all silicon materials grown by different
techniques.

2. Low-angle (@cp < 5°) tilt and twist boundaries are not composed of regular arrays of
perfect dislocations. Instead, several types of dislocations are present in the same
boundary; some may be dissociated into partial dislocations forming a stacking fault in
between. Most of these low-angle grain boundaries are reconstructed such that no
dangling bonds remain.

3. Large-angle grain boundaries are usually composed of distinct facets. These facets with
lengths of one or more nanometers are subsections of the boundaries where bonding
rearrangements have occurred that are of a few known low-energy configurations.
These configurations can usually be predicted using the concepts of the coincidence site
lattice (CSL) theory (Gleiter & Chalmers, 1972; Chadwick & Smith, 1976; Sutton &
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Baluffi, 1995). The arrangement of these facets is not always a simple, repetitive one and
the average boundary interface angle can actually vary substantially over macroscopic
distances.

4. Even simple first-order twin boundaries can display this irregular faceted structure at
their interfaces. Dislocations frequently terminate at coherent twin boundaries, and the
resulting intersection points disturb the atomic arrangements on the boundary plane.

The interaction of intragranular dislocations with grain boundaries is an important issue
because grain boundaries are effective obstacles to dislocation motion. Dislocations coming
upon a boundary generally do not have the same Burgers vector and slip plane to glide into
the next grain. Most commonly, the elastic interaction between dislocations and grain
boundaries is repulsive and consequently the dislocations pile up at the boundary.
Dislocations, however, may also transmitted directly across the grain boundary if the slip
planes on both sides intersect along a line that lies in the boundary plane. For pure screw
dislocations, the Burgers vector remains unchanged. In contrast, the transmission of
dislocations with an edge component requires the formation of a residual grain boundary
dislocation with a Burgers vector equal to the difference of the Burgers vectors of the
incoming and outgoing lattice dislocations. A dislocation may alternatively be absorbed by
the boundary without emission of a dislocation in the adjacent grain. In this case, the lattice
dislocation fully dissociates.

Another important issue related to grain boundaries is the diffusion of impurities. It is

generally known that diffusion at grain boundaries is orders of magnitude faster compared

to volume diffusion, and it plays a major role in processes that involve material transport,
such as recrystallization, grain growth, grain boundary segregation, etc. Based on previous
analyses, Queisser et al. (1961) measured the phosphorous diffusion on a particular grain
boundary suggesting an enrichment of phosphorous near the boundary dislocations. More
recent investigations support the enhanced diffusion at grain boundaries but measurements
of the activation energy are quite different (Schimpf et al. 1994). Values of the activation
energy ranging from 1.4 eV to 2.9 eV were reported indicating the effect of the grain
boundary structure as well as the interaction with other impurities segregated at the
boundary on the diffusion. There is a number of other investigations dealing with the

diffusion of different elements into polycrystalline silicon. All these investigations show a

different behavior for various elements. For instance, an enhanced diffusion was proved for

boron and titanium (Corcoran & King, 1990), while the diffusion of Al is suppressed. Other

elements tend to diffuse out (Salman et al., 2007).

In order to overcome the difficulties arising from the analyses of polycrystalline materials

specific grain boundaries were of growing interest to study their structure and properties

(for instance, Bourret & Bacmann, 1987; Thibault-Desseaux et al., 1989). The realization of

the so-called bicrystals requires, however, a Czochralski growth process allowing only the

formation of specific grain boundaries such as £ = 9(122), ¥ = 13(510), and X = 25(710)

(Aubert & Bacmann, 1987).

A first model of the electrical activity of grain boundaries in Ge was proposed by Taylor et

al. (1952). Based on measurements they concluded that the grain boundary acts as a

potential barrier due to surface states. The center zone with a high density of states

(assumed as broken bonds) and a space charge on either side represents a double Schottky

barrier. The current across the grain boundary, I, is then given by

I =eu[(ng —ny) - exp(FeVap/kT)]/[1 — exp(FeVyup/kT)], (13)
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where p1 is the carrier mobility, E is the electric field at the top of the barrier, np the carrier
density at the barrier top, na the carrier density on the bottom of the barrier, and Vap the
voltage measured across the barrier. The negative and positive signs are taken for electron
current and hole current, respectively. Using the Richardson equation for thermoionic
emission, Mueller (1961) write the zero-bias conductance Gy of a grain boundary as

Go = (1—2)- (e2N.U/4KT?) - e/* - T - e=o/KT (14)

with y the capture rate, e the electron charge, v the average thermal velocity, N. the effective

number of states, and ¢o the barrier height at equilibrium. The model of Taylor et al. (1952)

was developed further by Mataré (1984) and was successfully applied to interpret the

electronic properties of grain boundaries in bicrystals (Broniatowski, 1985; Bourgoin et al.

1987). Seager (1985) proposed another model by integrating tunneling and thermoionic
emission currents resulting in
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dE + exp (%) (15)

with A* as an effective Richardson constant, { = Ec-Er, E, = (h%e?N,/4m.€€,), Na the
dopant concentration, and m; as the tunneling mass. The second term in brackets of Eq. (15)
is the standard thermoionic emission, while the first term describes the thermoionic field
emission contributions to Go.

If a dc bias is applied to the grain boundary, the band diagram is modified. Using
simplifying assumptions (pinning of the Fermi level at the grain boundary, Mueller, 1961),
the energy density of grain boundary states with respect to the applied voltage is given by
Seager and Pike (1979) as

Nr(E) = (%)1/2 . [¢;1/2 + (1 +¢%}) (s + eV)‘l/z] (16)

for eV >KkT. In Eq. (16) ¢g" = 0¢pp/0eV and ¢ is the barrier height given by

¢p = ¢o — kTIn(eJ/GokT) 17)

Models describing especially the minority carrier transport and recombination processes on
grain boundaries under optical illumination were presented, for instance, by Fossum &
Sundaresan (1982) and Joshi (1987). Assuming a Gaussian distribution of interface states
(other distributions were also discussed, see Joshi, 1987), the electron 7(0) and hole
concentrations p(0) at the grain boundary are obtained as

n(0) = N, - exp(e¢pg/kT) (18)

and

p(0) = ;‘,—d exp (%) exp (e,%) 19)
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where n; is the intrinsic carrier concentration and AEr the separation of the quasi-Fermi
levels at the grain boundary. AEr is a function of the illumination level. Using the Shockley-
Read-Hall theory, Joshi (1987) calculated the steady-state recombination current density at a
grain boundary assuming a single interface energy level in the energy gap exists:

J,(0) = eanoon?[exp(AEg/kT) — 1] - 5 Rgs(E) dE (20)

Ey(0) 0,n(0)+0,n;B+0.p(0)+a,n;f~1 7

where o. and o; are the Coulomb and neutral capture cross-sections for a recombination
center, respectively, 1¢s the energy distribution of the states and = exp[(E-E;)/kT], where E;
means the energy position of the mean value of the interface states distribution.

The increasing importance of multi-crystalline silicon in the production of solar cells results
in a huge number of publications related to the analyses of grain boundaries. The analyses
of trap levels on model grain boundaries were extensively investigated by Broniatowski
(1985). Numerous measurements on individual grain boundaries in multi-crystalline silicon
were presented. Recent results about the electrical activity of grain boundaries obtained by
EBIC methods were published, for instance, by Chen et al. (2010), Sekiguchi et al. (2011), or
Pandelov et al. (2002). These papers refer to numerous others published previously. Caused
by the high local resolution EBIC methods were also utilized to study the segregation of
dopands or metallic impurities on grain boundaries (e.g. Seibt et al., 2009). The passivation
of interface states on grain boundaries by hydrogen was studied as well (Rinio et al. 2006;
Chen et al., 2005).

Furthermore, luminescence-based techniques are widely applied in the characterization of
grain boundaries in solar cell materials. Cathodoluminescence (Vernon-Parry et al., 2005)
and photoluminescence (Mchedlidze et al., 2010; Dreckschmidt & Moller, 2011) are useful
tools to characterize defects at grain boundaries and different multi-crystalline bulk and thin
film materials. The high sensitivity of the band-to-band emission of silicon to recombination
activity (Wiirfel, 1982) results in the development of micro-photoluminescence spectroscopy
used to study individual defects as well as to characterize the quality of whole solar cell
wafers. The method allows the characterization of impurities (metal precipitates) and their
effect on the recombination behavior of extended defects (Gundel et al. 2009, 2010).
Recently, the D-lines appearing in the photoluminescence spectrum of dislocated silicon
were used as well. First results using photoluminescence (Schmid, 2011) and
cathodoluminescence were reported (Lee et al, 2009; Sekiguchi et al. 2010). Another
approach to study electrically active defects in multicrystalline materials is the so-called
dark lock-in thermography (DLIT, Breitenstein et al., 2010).

5. Characterization of individual dislocations

A fundamental problem in studying dislocations is the realization of defined arrangements
of these defects. Some of the methods need a higher concentration of the defects to attain the
detection limit (such as EPR). In contrast, other methods, as electron microscopy, require
only a few or individual dislocations to obtain reasonable results. The dominant method to
produce defined dislocation arrangements is plastic deformation. Plastic deformation,
however, result also in a large number of point defects and defect reactions making it
sometimes difficult to interpret experimental data (Alexander et al., 1983; Alexander &
Teichler, 1991). In order to avoid interactions between dislocations or between dislocations
and other defects, methods are required allowing the realization and analyses of only a few
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dislocations or, in the ideal case, of an individual dislocation. First attempts can be traced
back into the 1970th. Eremenko et al. (see Shikin & Shikina, 1995) measured the current-
voltage characteristics of a 60° dislocation. Similar experiments were also done by Milshtein
(1979) a few years later. Their measurements demonstrated a diode behavior of the
dislocation. The dislocation was assumed to pass the whole specimen and metallic tips were
used as contacts which, however, were singnificantly larger than the dislocation diameter.
Another approach to realize defined dislocation arrangements was the application of silicon
and germanium bicrystals (Thibault-Desseaux et al., 1989). As pointed out before, only
specific orientations of grain boundaries are viable by the Czochralski growth process.
Another method to realize defined dislocation arrangements in a reproducible way is
semiconductor wafer direct bonding. For wafer bonding commercially available wafers are
used making it possible to realize any grain boundary. Especially small-angle grain
boundaries having rotation angles below 1° are of interest allowing to separate dislocations
by a few hundred nanometers. Such distances are large enough to analyze only a small
number or individual dislocations.

The principle of semiconductor wafer direct bonding originally developed to produce
silicon on insulator (SOI) substrates and three-dimensional micro-electromechanical systems
(MEMS) was comprehensively described elsewhere (Tong & Gosele, 1998). If the native
oxide is removed from the wafers, two Si surfaces are brought into contact (hydrophobic
wafer bonding). A subsequent annealing transforms the original adhesion forces into Si-Si
bonds via the interface. Crystal defects (dislocations) are generated forming a two-
dimensional network (or grain boundary) in order to match both crystal lattices. The
structure of the dislocation network depends on the surface orientation of both wafers.
Screw dislocation networks, networks dominated by 60°, and interactions between both
types of networks were realized and studied in detail (for instance, Reiche (2008)). The mesh
size of the network or, the dislocation distance, is reproducibly adjusted by controlling the
tilt and twist misorientation angles which can be calculated using Frank’s formula
(Amelinckx, 1982). Dislocation distances of more than 100 nm are obtained by using
misorientation angles below 0.1°. Note that misorientation angles down to 0.005° were
realized using aligned wafer bonding processes (Wilhelm et al., 2008).

Properties of dislocation networks formed by semiconductor wafer direct bonding were
described in numerous publications (for reviews see, e.g. Kittler et al., 2007; Kittler & Reiche,
2009). The dislocation networks may be considered as model structures resulting in a lot of
new information about the structure and properties of dislocations. The electrical properties
of bonded hydrophobic silicon wafers were studied for the first time by Bengtsson et al.
(1992) using capacitance-voltage measurements. More recent EBIC analyses proved barrier
heights generally smaller than 100 meV for different types of bonded hydrophobic wafers
(Kittler & Reiche, 2009). The concentration of deep levels along the interface was determined
to be a few 105 per cm.

The Iuminescence properties of dislocation networks were also studied. Figure 5a shows the
luminescence spectra of different bonded samples. The spectra are obtained from samples
having different misorientation. Detailed photoluminescence and cathodoluminescence
measurements provide direct evidence that the wavelength of light emitted from the
dislocation network could be tailored to some extent by misorientation of the wafers during
the bonding procedure. D1 or D3 lines have the largest intensity in the spectra due to the
variation of the twist angle from 8.2° to 9°. Thus the luminescence spectrum can be tailored
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by the misorientation angles in a controlled manner and the dominance of either D1 or D3
radiation can be attained. Further investigations refer that screw dislocations dominantly
effect the intensity of the D1 line. The photoluminescence spectra of three different
dislocation networks are presented in figure 5b. The corresponding electron microscope
images are shown in figure 5c. The dislocation network DN#1 is dominated by 60°
dislocations running in the image parallel with a distance in between of about 30 nm. The
network of the 60° dislocations is superposed by an additional network of screw
dislocations having distances of more than 2 pm (not shown in the image). The other
networks in figure 5c (DN#2, DN#3) are characterized by more or less hexagonal meshes
caused by the interaction of two networks of 60° dislocations and screw dislocations, both
with nearly the same dislocation distances therein. The photoluminescence spectra recorded
at low temperature (80K) and room temperature show the presence of the D1-line around

T T - .
D3 D4 104 T=80K T'=306K Dt |-
—O— DN#2
- Twist  Tilt % 84 —&—DN#3 | |
. a) 8.2° 0.2° =
3 } b) 9.0° 02° g
© g o o
> af c) 1.5° 0.53 5 6- i
® / =
5 ‘ g
€ S 44 7
= @ i
E-J 3
- 2-
07 078 019 1?0 111 1?2 13 0 e x
T T T il T
Energy (eV) 07 08 09 10 11 12 13
Photon energy (eV)

(@) (b)

Fig. 5. The impact of the misorientation and dislocation structure on the luminescence
spectra of dislocation networks. (a) The effect of misorientation (tilt and twist components).
Cathodoluminescence spectra recorded at 80K. Photoluminescence spectra measured at 80K
and room temperature (b) of three dislocation networks shown in (c).
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(figure 5b). The spectra clearly prove the different intensity behavior depending on the
dislocation structure and distance of the screw dislocations. The intensity of the D1-line is
lowest in the spectrum of sample DN#1, characterized by the largest distance of screw
dislocations, and increases as the distance of the screw dislocations decreases. The distance
of screw dislocations in these particular samples is 15 nm (DN#2) and 32 nm (DN#3). Note
that significant intensities of the D1-line are measured for DN#2 and DN#3 which are
considerably stronger than that of the band-to-band-luminescence even at room
temperature. According to these results it is suggested that radiative recombination is
mainly caused by screw dislocations while 60° dislocations attribute preferentially to the
non-radiative recombination.

A combination of wafer bonding with preparation methods to separate individual
dislocations or a small number of dislocations allows the measurement of their electronic
properties by elimination of interactions in between. As shown before, twist angles between
two bonded Si wafers below 0.1° result in dislocation distances of more than 100 nm. Using
photolithography and etching techniques, individual dislocations can be separated and
measured. Typical structures applied were diodes and metal-oxide-semiconductor field-
effect transistors (MOSFETs) (Reiche et al. 2010, 2011). The presented data clearly showed an
indirect behavior of the drain current on the number of dislocations in the channel. The fact
that the highest current is obtained if only a few dislocations are present allows the
conclusion that electrically active centers in the dislocation core of the straight dislocation
segments are responsible for the electron transport while dislocation nodes and dislocation
segments oriented orthogonal to the channel direction act as “scattering centers” and reduce
the carrier transport.

The single-electron tunneling on dislocations was recently studied by Ishikawa et al. (2006)
on nMOSFETs prepared on dislocation networks produced by wafer bonding of SOI wafers.
Measurements were done using a back gate contact (oxide thickness 400nm). Low-
temperature measurements (T=15K) proved oscillations in the drain current - gate voltage
curves indicating single-electron tunneling (Coulomb blockade oscillations). The lateral size
of the Coulomb islands was estimated to be about 20 nm which agreed with the dislocation
distance. From this Ishikawa et al. (2006) concluded that Coulomb islands are related to the
dislocation nodes in the screw dislocation network. Very recent measurements at T = 4K by
the authors proved also the existence of Coulomb blockade oscillations. Using nMOSFETs
and applying a front side gate contact (gate oxide thickness 6 nm) lateral sizes of the
Coulomb island of about 6 nm were extracted which do not correspond to dislocation nodes.
Furthermore, a different behavior is observed for screw and mixed dislocations resulting
from the reaction of screw and 60° dislocations. The single-electron tunneling was proved
for one set (screw dislocations), while the other shows a more two-dimensional charac-
teristics indicated by a staircase structure.
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1. Introduction

Semiconductor device manufacturing is facing stringent challenges in advanced COMS
process technology nodes. Ion implantation technology has always been a good solution of
last resort since it’s got a much wider latitude and stronger flexibility to accommodate new
challenges than any other process steps in device fabrication. It is not unusual that people
utilize ion implantation not just for doping the silicon substrate, but also for compensating
the shortfalls of other process steps. In the past decade, the process window, typically large
enough for ion implant engineers to maneuver has gotten narrow, so narrow to a degree so
that itself started to create problems which none other process steps can resolve, or
compensate. These problems include dopant atoms activation, co-implant species of choice,
pre-amorphization implant species of choice, implant damage control, runaway low-energy
implant cost. High mass molecular (HMM) ion implantation is investigated in response to
all these ion implant related problems.

Ion implantation is a process whereby energetic ions impinge on a target, penetrating below
the target surface and giving rise to a controlled, predictable, ion distribution. Here we will
focus on Si technology; hence the target will be mostly Si. Implanted ions are typically
dopants, such as Boron, Phosphorus, Arsenic, Indium and Antimony. Table 1 shows these
commonly used dopant elements in the periodic table of the elements. However, the scaling
of device features into the sub-100nm regime has added species such as Ge, C, N, and Xe to
this list. Implantation energies cover a wide range from 0.2 keV to >3 MeV; doses range
from 1 x 1011 cm?2 to more than 1 x 1016 cm?; incident angles cover normal incidence (a tilt
angle of 0°) to 60°.

The industry has been using BF.*, as the molecular form of Boron, to implant in order to
attain higher throughput for low-energy applications. This species has the disadvantage of
co-implanting fluorine, which retards boron activation and increases contact resistance, both
undesirable consequences for doping process (Foad, 2005). HMM implants have recently
been introduced as an alternative. As the molecular structure shown in Fig. 1,
Octadecaborane (BisH), which has 18 effective dopant atoms in one molecule, has been
proven a viable replacement for boron in poly-doping and BF> for ultra-shallow junction
(US]) formation.

Besides the advantage of higher productivity, HMM implant process advantages have been
noticed and explored. Due to its heavy mass, HMM ion implant can eliminate the use of pre-
amorphization implant (PAI). We can use the HMM ions that contains either dopant or co-
implant species to replace PAI (Ameen, 2008). Implant damage control is also possible by
the use of HMM ion implantation, due to germanium PAI elimination.
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Table 1. Atomic dopant species that are commonly used in ion implantation.

Fig. 1. Structure of Octadecaborane (B1sH2) molecule.

Attempts have been made to implant molecular carbon (CicHio), of which the molecular
structure is shown in Fig. 2, to replace Ge-PAI plus monomer carbon for advanced logic
manufacturing. The latter mentioned monatomic implants are nowadays popular co-implants
for US] formation in the metal-oxide-semiconductor field-effect transistor (MOSFET) source
and drain extension (SDE) doping process (Pawlak, 2006). Carbon is a standard co-implant in
the MOSFET SDE implant sequence due to its capability of reducing dopant transient
enhanced diffusion (TED). This is achieved through trapping of crystalline interstitial defects
by the carbon atoms that are incorporated in the lattice substitutional sites (Carroll, 1998).
Unless the silicon substrate is amorphized, the carbon implant could not be incorporated in the
silicon lattice sites when undergone thermal annealing. In this case Ge-PAl is required,
because carbon mass is too light to cause self-amorphization under most conditions. The use of
molecular carbon opens up the possibility of replacing the traditionally used Ge-PAI, which is
also known to leave residual damage leading to junction leakage.
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Fig. 2. Structure of Ci6H1o molecule

2. Overview

Semiconductor devices have become omnipresent due to their amazingly miniature in sizes,
ever expanding functionalities in time, inexpensive manufacturing cost, and etc. Most of
these reasons have to do with one historical event; the advent of commercial ion implanters.
Impurity doping process is a major manufacturing step that needs to be repeated over and
over for many times for the semiconductor material going from basic substrate to electrically
functioning devices. Forty years ago, doping of semiconductor had been predominantly a
thermal process, where the impurity is introduced at the substrate surface, and within a
closed chamber at an elevated temperature, such as a furnace, the dopant atoms are allowed
to diffuse into the substrate under a thermal equilibrium process. The speed, or the distance
of impurity atom diffusion is dependent on the surface impurity concentration and process
temperature. Usually, this temperature of operation is in the 1000 degree Celsius region.
The atom diffusion energy is no greater than several eV’s. This makes the doping process
long and expensive.

Due to the advent of commercial ion implanters, the impurity doping process has shifted
from predominantly thermally enhanced in nature to predominantly kinetically driven in
nature. The impurity atoms are now being stripped of or bestowed with electrons in a part
of the implanter called the “ion source”, where they become ions to be accelerated in high
electrical fields. Once the charge particles, or ions have gained the desired energies, they are
collimated and then impinging into the substrate at high initial speeds. All of these actions
are performed at room temperature. Although the process temperature for ion implantation
is relatively low, the dopant ions acquire energies in the keV range. Therefore, the process
time is less than one one-thousandth of that of a thermal process. Thus, the productivity is
higher, and the cost is significantly lower too.

These advantages provide the semiconductor manufacturers with motivation to quickly
adopt ion implantation in the process flow. They also give the process engineers and device
engineers a lot of freedom to utilize the technique without having to wary of process
constraints and tradeoffs too much. However, in the past decade, the process window,
typically large enough for ion implant engineers to maneuver has gotten narrow, so narrow
to a degree so that itself started to create problems, which none other process steps can
resolve or compensate. These problems include insufficient dopant activation, co-implant
species of choice, pre-amorphization implant species of choice, implant damage control,
runaway low-energy implant cost
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Fig. 3. b) Ion implantation is a process in which energetic, charged particles (atoms or
molecules) are accelerated into the near surface of a target substrate at depths from ~10nm
to ~1000nm (1 micron)

As time progresses, the process issue and cost issue are still the driving forces that motivate
us to look at high mass molecular ion implantation, as oppose to monatomic implantation.
However, among these two, the aspect of process requirements usually plays a dominant
role in tool selection for semiconductor manufacturing. One obvious reason is that if people
can quickly translate process benefits to device performance improvement, or geometry
scaling down (in other words, device real estate saving), the cost it associated can be readily
justified. In this chapter, we will also address the productivity and cost issue. However, the
aspect of cost can hardly be the primary factor for choosing a process. We would like to
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make sure the production method we choose today can be extended to cover for the future
needs. Only by taking the whole picture into consideration, then one can start to appreciate
molecular ion implantation being a production method for now and the future.

3. The process issues of implant damage

An ion implant process is basically putting the dopant atoms into the silicon substrate by
bombarding the silicon wafers with very energetic ions. This process would inevitable result
in crystal damage. The implant damage can take many different forms, such as non-
equilibrium excess of vacant lattice sites (vacancies) and self-interstitial atoms (interstitials),
vacancy clusters, interstitial clusters, dopant-interstitial and dopant-vacancy clusters, and
locally amorphized regions of the crystalline silicon target. Iso-valent ions such as Si, or Ge
are sometimes implanted to intentionally take advantage of this collateral damage. The
annealing of this damage, and the electrical activation of the implanted dopants, requires
that the implanted target receive a subsequent heat treatment. The as-implanted defect
configurations evolve during post-implant thermal processing, giving rise to transient
enhanced dopant diffusion (TED), and the formation of relatively stable dislocation arrays,
which if present in active device regions can lead to degradation of electrical performance.
An understanding of all these phenomena is therefore crucial to the design of the implant
recipe and the post-implant thermal treatment.

In advanced CMOS processing, this amorphous layer plays important roles for several
purposes. The top three are, 1) dopant channeling prevention; 2) dopant activation
enhancement; 3) end-of-range (EOR) defect reduction. In other words, they represent the
properties of controlled junction depth; higher conductivities; and lower junction leakage
currents in the CMOS device respectively.

Achieving an implant profile without appreciable channeling is of practical importance to
avoid that slight differences in beam orientation across the wafer result in radically different
implant profiles. There are three different methods to prevent implant from channeling. As
shown in fig. 4 a) the first choice is by tilting the wafer, which is the easiest way to achieve if
it serves the purpose. However, only at high energies, where the critical angles are relatively
small, this method can be effective. At low energies, the tradeoff between the amount of
angle being tilted and the compromise it incurs to implant profile starts to become
significant. If a low tilt angle is not sufficient for preventing implant channeling, we may
have to go to a higher tilt angle. On the other hand, the implant shadowing effect, which is
caused by device surface topology blocking the incident beam at an angle, starts to get
intolerable. Therefore, merely by tilting the wafer plane away from beam incident angle
might not be effective. The second alternative is to use sacrificial oxide to prevent implant
channeling. This is shown in fig. 4 b). Since ion implantation may also introduce metal
contamination to the wafer, it has been a common practice to use a thin layer of sacrificial
oxide, from 100A to 200A thick to block the elemental contamination from penetrating the
wafer surface. Once the implant process is done, this layer of sacrificial oxide would be
stripped of from a wet bench using buffered oxide etching solution. However, due to
advanced devices are very sensitive to “substrate loss”, or so to speak “dopant loss”, people
have begun to move away from using sacrificial oxide. Finally, the most inconvenient
method for preventing implant channeling is, as depicted in fig. 4 c), by inserting a pre-
amorphization implant before dopant implant. Usually, this implant species of choice is
non-electrically active, or iso-valent atom, such as germanium or silicon. It is indeed an
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effective way to prevent implant channeling. The drawback is that it adds an additional
implant step to the process.

CRYSTAL

Fig. 4. a) Tilting wafer off the channeling plane.
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Fig. 4. b) Thin sacrificial oxide for randomizing the direction of incident ions.
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Fig. 4. c) Pre-amorphization implant to randomize the lattice atoms, thus destroy the crystal
channels.

4. The process issues of thermal annealing

After ion implantation, the substrate needs to be treated with thermal processes. This is
because the silicon substrate is damaged by ion bombardment, and needs to be “annealed”,
which is a thermal treatment to recover its crystalline structure. Meanwhile dopant atoms
can be incorporated into the crystal lattice and become electrically active. As depicted in fig.
5, these two goals should be achieved simultaneously. Since this thermal treatment can also
cause dopant diffusion, there would be some dopant redistribution.
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Fig. 5. The implant damage and inactive dopant atoms left in the silicon substrate need a
post implant anneal to active the dopant and recover the crystalline structure.

From the logic manufacturing side, when the technology moved beyond 0.25um (deep sub-
micron) era, the requirement of SDE is demanding US] formation. This requirement is in
response to the potential short channel effect (SCE) associated with device shrinkage. The
geometry of device structure has to be tightly controlled now. In short, the “as implanted”
dopant profile and dopant redistribution during anneal need to be well managed. For
shallow junctions, dopant concentration levels can be very high. These implanted atoms
tend to form high density crystal defects. The thermal budget for implant anneal has been
greatly reduced for advanced logic devices due to the concern of excessive dopant re-
distribution when the device is undergone high temperature thermal anneal. However, if
the thermal budget is insufficient, the crystal defects could not be totally removed, and
would lead to adverse effects on device performance, such as high device leakage currents.
It has been known for some time that boron diffusion can be enhanced by damage
introduced by the implant process. For example, fig. 6 shows the enhanced diffusion of a
boron marker produced by molecular beam epitaxy on a silicon substrate, which was
subsequently damaged by 1x10 cm= silicon implants at various energies and then
subjected to a 950°C/30s anneal. The enhancement scales linearly with the projected range
of the implant which is approximately where the damage induced excess interstitials are
initially located (Agarwal, 1997; Gossmann, 2000).

The phenomenon of transient enhanced diffusion (TED) after ion implantation increases the
challenge of forming ultra-shallow junctions (Agarwal, 1997, 1999a, 1999b). Ion implantation
leads to the displacement of silicon atoms from their lattice positions, creating pairs of
vacancies and interstitials. During the initial stage of post-implantation annealing most of the
vacancies and interstitials recombine leaving behind a net excess of interstitials approximately
equal to the implanted ion dose; this is also referred to as the “+1” approximation (Giles, 1991).
These excess interstitials quickly coalesce into extended defects, such as {311}'s (Eaglasham
1994; Stolk, 1997), or more stable dislocation loops. While these extended defects have lower
free energy than individual interstitials (Eaglasham 1994; Rafferty, 1996), they are still
metastable and dissolve with continued annealing. As they dissolve, they release excess
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interstitials into the lattice. Since boron diffuses by an interstitial mechanism (Gossmann, 1997)
its diffusivity is enhanced by the excess interstitials with the time averaged diffusivity
enhancement equal to the time averaged interstitial supersaturation . Both the interstitial
supersaturation and the diffusivity enhancement end soon after the defects have dissolved.
This phenomenon is depicted in fig. 7.
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Fig. 6. Enhancement in diffusion of a boron marker layer, grown by molecular beam epitaxy
during a 950°C/30s anneal, following implantation of 1x10%4 cm-2 Si at various energies
(Agarwal, 1997; Gossmann, 2000).
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Fig. 7. Boron diffuses by an interstitial mechanism; its diffusivity is enhanced by the excess
interstitials.

The increase in junction depth, Ax;, due to TED to be expressed as (Gossmann, 1998;
Rafferty, 1996)

Ax2 c N -Rp -exp[-(-1.4eV)/KT] 1)
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where N is the number of interstitials trapped in the defects (approximately equal to the
implanted dose) and Ry, is the projected ion range (where the excess interstitials are initially
located). The linear dependence on Rp has been demonstrated experimentally, as shown in
fig. 6. The activation energy of Axj is negative because the interstitial supersaturation due to
the presence of the extended defects is larger at lower temperatures. This implies that the
final junction will be deeper if the defects are annealed out at a lower temperature than at a
higher temperature. This is a key reason why junction anneals are done in a rapid thermal
annealing (RTA) rather than in a conventional furnace with a ramp-up rate of a few degrees
per minute. An RTA spends significantly less time during the temperature ramp-up at lower
temperatures where the diffusivity enhancement is larger.

Since the increase in junction depth due to TED depends on the implant dose (Eq. 1), it is
possible that for a high dose implant some damage will remain after a fast ramp-up,
allowing TED to continue during the ramp down (Agarwal, 1999). As the ramp-up rate is
increased, the temperature at which TED runs out is pushed up until the TED is pushed
over to the ramp-down side of the anneal (Agarwal, 2000). This is illustrated in fig. 8.
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Fig. 8. Schematic illustration of TED continuing during ramp down of a spike anneal that is
sufficiently fast (Agarwal, 2000).

In the sub-keV regime, there is more than one way to arrive at the same junction properties.
It is very important to minimize the dose first, before reducing the energy further. The
dependence of the sheet resistance and junction depth data on the different implant and
annealing parameters is summarized in fig. 9. Increasing the ramp-up rate leads to a more
shallow junction with higher resistivity. The same is also true when a smaller dose or
energy is used. Modifying the implant parameters first helps avoid the risk of poor process
repeatability which necessarily accompanies the use of higher ramp-up rates.

As the advanced logic manufacturers manage the implant and anneal together in an effort to
meet the process requirements, the treadmill of device scaling is relentlessly pushing the
implant dose higher and energy lower. The conventional US] scaling is inevitably hitting the
limits. The USJ formation for SDE is key for 65nm technology node and beyond (Foad,
2005). The obstacles include boron TED, low boron solubility limit in silicon, and most of all,
post-anneal residual implant damage. For high dose applications, not all implant damage
can be removed by the anneal process due to insufficient thermal budgets from “spike” RTA
or ms laser spike anneal (LSA) processes. If this damage is in the wrong place, increased
device leakage and catastrophic p-n junction shorts are probable. This scenario is depicted in
fig. 10. Engineering the type, extent, and location of post-anneal residual implant damage is
one of the primary objects of Front End of Line (FEOL) process integration.
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Fig. 9. Sheet resistance vs. junction depth as a function of ramp rate, implantation dose and
implantation energy. Note the similarity between increasing the ramp-up rate or reducing
the energy and dose (Agarwal, 1999, 2000).
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Fig. 10. When the EOR defect damage is in the wrong place, increased device leakage and
catastrophic p-n junction shorts are probable.

5. Molecular implants

Molecular implants have long been considered by the IC manufactures as alternatives to
atomic implants for low-energy applications (Jacobson, 2001). The major benefit of using
molecular species implants is wafer throughput improvement due to higher effect beam
currents when implanting at low energy. A molecular ion dissociates into its constituent
atoms at the wafer surface. The constituent atoms then continue with a fraction of the total
energy. This phenomenon can be utilized to gain wafer throughput in the sub-5.0keV
range as implanters in general can deliver higher molecular beam currents at higher
extraction voltages, and still provide equivalent processes to the low-energy monatomic
implants.

A well-known and long-used example of this in production environments is BF>*
implantation as a means of delivering a lower effective energy boron as the molecular type
of p-type dopant. More recent experimentation with molecular n-type dopants has
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demonstrated that As; and P> can provide production-worthy beam current and throughput
improvements with comparable process results (Chang, 2003).

The formation of aggressive n-type junctions has not posed as severe a challenge as p-type
junctions in the past, due to the much larger atomic mass (75 amu for As, versus 11 amu for
B) and lower diffusivity in Si. Arsenic dimer implant requires twice the ion energy of the
monatomic implant. However, the effective fluence of a dimer implant is two times that of a
monatomic implant, since both atoms in the dimer ion contribute to the total dopant dose.
Therefore, it requires only half the dose of a monatomic implant. These conditions can be
expressed by equations (2) and (3).

Eeff = Eextraction /2 (2)

Ieﬁ’ =2x Imeasured (3)

Since ion implanters can in general produce more I (molecular) beam current than Iz
(atomic) beam current at Ecxiraction under these operating conditions, a significant throughput
advantage may in many cases be realized.

5.1 High mass molecular implants

In recent years significant advances have been made in the development of high mass
molecular (HMM) beam sources for dopant implantations into silicon. The driver for the
development of these sources has been the need for very low energy implants. Energy is
partitioned between the atoms of a molecule in direct proportion to their mass. For
example, the widely used molecular ion BF,* with atomic mass ~49 having a single boron
atom of mass ~11 results in the implantation of boron at an energy that is ~11/49 of the
molecular ion energy, e.g. a 10 keV BF; implant, for example, is energetically equivalent to a
2.24 keV B implant.

A much more dramatic example of this energy partitioning may be achieved with
decaborane (BioHis) (Jacobson, 2001) where a 10keV implant is equivalent to a ~1 keV
implant. Recently, another large boron containing molecule, Octadecaborane (BisH22) has
also been identified as a useful molecule for this application (Perel, 2001). It is important to
note that with these molecules, one milliampere of ion beam current is equivalent to 10 (for
decaborane) or 18 milliamperes (for octadecaborane) of boron current. For this reason the
molecular beam obviates many of the space charge limitations associated with the ultra-low
energy Boron beams. Conventional ion sources are not suitable for decaborane or
octadecaborane implantation since the high arc chamber temperature causes disassociation
of the molecule. Ionization chamber temperatures below 300°C are required and a different
approach to electron impact ionization of the molecule is required. Figure 11 shows a
commercially available octadecaborane ion source (Jacobson, 2005). Also, the ionization
process results in a distribution of ions of the form BigHy or BisHx with the result that the
mass resolved spectrum consists of a typically up to 10 peaks, all containing the same boron
content but with varying hydrogen content. As a result, the acceptance of the mass resolving
system must be increased to allow for maximum utilization of the available molecular ion
current (Perel, 2001). Figure 12 gives a typical mass resolved spectrum obtained from a
decaborane source (Jacobson, 2005).
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Fig. 11. Ion Source Suitable of Decaborane or Octadecaborane Ion Beam Generation
(Jacobson, 2005).
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Fig. 12. Typical mass resolved spectrum obtained from a decaborane source.

5.2 High mass molecular implant application for DRAM

The aggressive scaling of DRAM puts severe constraints on the gate formation. Single work
function polysilicon gate for PMOS with buried channel will suffer serious short channel
effect as the scale shrinkage continues. Meanwhile, its high leakage is not tolerable for the
requirements of low power high performance devices. The high leakage comes from the fact
that the buried channel is away from the surface; hence, the gate can’t control the channel as
effectively as surface channel. As the dual work function poly gate shows the advantage of
easiness of Vt control and resistance to short channel effects, Surface-channel PMOS with P+
poly gate will take substitution of buried-channel PMOS with N+ poly gate for advanced
devices inevitably. Figure 13 shows the channel current flowing underneath the surface in a
buried-channel PMOS device of the left, and on the surface in a surface-channel PMOS
device on right.

Octadecaborane (BigsHz») implant technology was evaluated for p+ poly gate doping process
in a 72nm node stack DRAM device. For DRAM manufacturing, the 7x-nm-class is about
the technology node where the device performance requires dual-poly gate structure for
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tuning the PMOS and NMOS work functions separately. Since the gate poly is in-situly
dosed with n-type dopant during CVD polysilicon deposition, the PMOS gate poly needs to
be doped heavily with p-type dopant afterwards, in order to counter dope the gate and
transform it from originally n-type to p-type poly. Therefore, it requires low energy (<
5keV) and high dose boron implant (> 5x1015 /cm3). The evaluation criteria were to
improve the productivity of the process, which was initially built with conventional atomic
boron implantation (11B), while maintaining process equivalency. Before implanting into
device wafers, process matching to conventional boron implant was done using both
crystalline silicon and poly-silicon on Si wafers (Chang, 2008). For the crystalline silicon
wafers, the Ry of blanket BigHx* implants were compared to that of atomic boron. For the
poly-Si silicon wafers, SIMS dopant profiles were compared. For the device wafers, boron
penetration, gate depletion, and final yield were compared. In addition, BisHz implant
splits of various energies and doses have been studied for their sensitivities to the electrical
performance of the p-MOSFET in the 72nm node stack DRAM devices. In this study, we
have demonstrated that BigHz can provide up to 5x wafer throughput advantage over
conventional atomic boron process due to much higher effective beam currents. Besides the
significant productivity improvement, BisHz implant device characteristics were well
matched to the baseline atomic boron process.

Fig. 13. The channel current flowing underneath the surface in a buried-channel PMOS
device of the left, and on the surface in a surface-channel PMOS device on right.

In a BF,* implant, the extraction energy is 49/11 times the desired Boron energy. Under the
same principle, a BigHz, implant extraction energy is 210/11 times the desired Boron energy.
These conditions can be expressed by equations (4) and (15).

11
Eeﬂ' = Eextmction x (mj (4)
Ieﬂ =18x Iextmction (5)

Since ion implanters can in general produce more I (molecular) than s (atomic) at Eextraction
under these operating conditions, a beam current and thus throughput advantage may be
realized. For example, a 2keV boron implant can be run using over 2.5mA of BigHz* beam
current, or 45mA of effective boron current.
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In this study, we used Axcelis” OptimaHD Imax implanter for molecular boron implants.
The Imax was developed for ionizing, transporting and implanting molecular species such
as CigHio and BigHz. Figure 14 shows the Rs of B18 implant versus POR boron implant for
the P+ gate poly process. The B18-implanted wafers require higher doses to match the POR
Rs. The slightly under-dosing of the BisHz implant in this case could be caused by a
difference in dose retention between B18 and monomer boron. For low-energy implants, as
dose increases, the fraction of dopant loss increases due to the sputtering, where near
surface atoms leave the target during implantation due to recoil collisions. This
phenomenon is depicted in fig. 15. While a detailed comparison of B18 and B has not been
carried out, the retained dose of B18 as a function of energy has been reported (Harris, 2006).
From the dose sensitivity test, a dose trim factor of 1.17 (17% higher dose) was determined
for the P+ gate poly process, which has a lower target Rs.
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Fig. 14. P+ poly process Ry matching for the recipe of B/2keV /1.5x10%5cm-2
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Fig. 15. For low-energy implants, as dose increases, the fraction of dopant loss increases due
to the sputtering, where near surface atoms leave the target during implantation due to
recoil collisions

In this test, wafers of poly implant conditions were subject to secondary ion mass
spectrometry (SIMS) profile analysis. Figures 16 and 17 show the implant profiles of as-
implanted and annealed implants from TPOR and Imax. The poly thickness is 90nmin this
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case. The annealing condition is RTP for a 20s soak at 965C. The implant dose for B18 has
been adjusted to account for dopant loss. Meanwhile, the split conditions were designed for
a process window check. Table 2 shows the comparison of the accumulated doses in SIMS.

[Atom/cm3]

24
10

=

)
1

ey
2]

23
10

22

#02-0C

#05-0C

1ot M“ ( TN

. (il

500 1000 1500
Depth: [A]

Un-annealed
Fig. 16. As implanted SIMS profiles for B and B18 implants.
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Fig. 17. Annealed SIMS profiles for B and B18 implants.
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Remark Sample no. Doge 2
(atom/cm’)

POR #2 1.202E+16
(B11/4keV) #3 (anneal) 1.294E+16
IMAX #5 1.382E+16
(B18H22/76.8keV) #8 (anneal) 1.554E+16
IMAX #7 1.828E+16
(B18H22/80ke V) #9 (anneal) 2.041E+16

Table 2. Accumulated SIMS dose for all samples.

Figure 17 shows that B18 implants seems to get a near surface bump as their signature. This
could be due to the hydrogen effect. Since for every B18 ion implanted into the wafer, 22
hydrogen atoms would also be implanted. And hydrogen would enhance boron out
diffusion. In some literatures, the possibility of hydrogen induced boron pile up in the
surface has been discussed (Berry, 2008). Nevertheless, B and B18 implant profiles are
matched at the oxide interface for as-implanted and annealed samples. Since the dopant
concentrations match at the critical depth of the profile, we can view the SIMS profiles as
matched in this case. Therefore, the implant matrix for the product wafers is to split the
dose at target, £10%, £20% and +30% for the P+ poly doping recipe. Device PMOS Vth does
have a trend corresponding to different dosages. As the dosage gets high, the Vth gets high
too. However, the biggest deviation is less than 10mV, we can say that the device results are
all meeting the specification (Chang, 2008).

5.3 Molecular implant applications for advanced logic

As device scaling continues previously acceptable implant technologies for p-MOSFET SDE
are struggling to meet advanced device requirements. There are three metrics that must be
simultaneously achieved; those are device leakage, p-type dopant activation and junction
depth control. In order to meet all of these goals, we found that molecular carbon implant is
particularly well suited for USJ formation of the p-MOSFET SDE.

Due to preserving device geometry is of primary importance, junction depth control is the
first thing to consider. Recent years, people have started to use carbon implant to suppress
boron TED. The reason is that when carbon concentration is high enough (above 1x10%cm-
3), it would create an interstitial “under-saturation” region (Carroll, 1998) (Moroz, 2005).
Therefore, boron dopant atoms would less likely to be “kicked-out” by the excessive
interstitials in the lattice, and implant profile remains stable during annealing. In order to
incorporate carbon into silicon, the implant layer needs to be fully amorphized before
annealing. Therefore, germanium pre-amorphization implant (Ge-PAI) was inserted in the
process flow. Although it is a common practice to use Ge-PAI now, we all know that Ge-PAI
is problematic due to it results in elevated end-of-range (EOR) defect damages, which have
been identified as the leakage source for the devices. In the light of this concern, we put the
constraints on Ge-PAI usage, so that it would not impact the junction quality. However, the
trade-off between limiting Ge-PAI dosage and excessive residual implant damage may lead
to an insufficient amorphous layer for carbon incorporation.

The other way to get around of this problem would be to increase the carbon implant dose,
so that it reaches the critical dose for the formation of amorphous layer. However, carbon
also leaves behind point defects (Mirabella, 2002), and causes device leakage. Although the
effect of these point defects left behind by carbon implant are still under investigation, the
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increase in sheet resistance is observable. This is due to carbon diffuses predominantly by a
“kick-out” mechanism. If carbon concentration is too high, it would unavoidably compete
with boron dopant atoms for occupying lattice sites, and kick the already electrically active
boron atoms out of the lattice sites. Therefore, the use of carbon should be evaluated of its
pro’s and con’s. If we go beyond a certain dosage of carbon, the benefits of activation
improvement and diffusion suppression would be compromised by the excessive implant
damage and dopant deactivation.

Since High Mass Molecular (HMM) implants have been known to create an amorphous
layer as effectively as the heavy ion species (Krull, 2006), implanting molecular carbon is a
potential technique to replace the process steps of Ge PAI plus monomer carbon implant.
Ci¢Hip is shown to be a consistently self-amorphizing method for introducing carbon into
the extension region.

In a preliminary study, we used Axcelis” OptimaHD Imax implanter for molecular carbon
implants. We proved that a single implant of CisHio can effectively replace a two step Ge +
C implant sequence. As logic device technologies advanced into the 40nm node, US]
requirements became very stringent. The x; target of p-MOSFET SDE implant is very
aggressive, less than 20nm per ITRS roadmap (ITRS 2005). In order to meet these
requirements, both the implant and anneal of p-type species need to be considered
simultaneously because their interaction is essential to the desired outcome. The process of |
record (POR) for Ge +C in this case is a Ge/12keV/1x10%5cm2+ C/2.5keV/1x1015cm-2
implant sequence. We compared the B/400eV/1x10%%cm2 implant Rs-Xj results with the
presence of the Ge + C, against CisHyo implant of the equivalent carbon dose and energy.
Figure 18 shows an XTEM image of a CisH1o implant at 2.5keV per carbon atom, with1x1015
cm2 dose. The amorphous layer is around 12.9nm, whereas, the projected range of this
carbon implant is at 10.2nm, according to SRIM. This result is in line with the data
previously published (Mirabella, 2002), and sufficient for the purposes of this study.

Fig. 18. XTEM image of a CigHio implant at 2.5keV per carbon atom, with 1x10%5cm-2 dose

For the case of laser spike annealing (LSA) only, a comparison of POR co-implant against
Ci6Hio implant effect on the boron SDE implant is made in figure 19. The R; vs. X of the two
implants indicate that if LSA only was used, it is easy to achieve the advanced logic process
target. The Rs of the boron SDE implant with the one step CisHio implant is comparable to
that of the Ge + C co-implant’s. However, one can see that monatomic co-implants may still
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be insufficient for suppressing the boron diffusion above 15nm deep in the substrate.
Although the amorphous layer created by Ge/12keV/1x10%cm?2 is around 20nm, the total
defects it creates could provide a lot of interstitials in the deeper region. If one pays
attention to the boron profile, one can see the characteristic signal of the amorphous layer
and crystalline layer interface at around 20nm deep. The carbon atoms would segregate at
this interface, and influence the subsequent boron diffusion. However, one can argue that
the tail region of the annealed boron profile for the Ge + C co-implanted case, being slightly
higher at around 15nm is beyond the p-n junction. No matter how the defect damage is
distributed, we would still expect that the one step CisHip implant should cause much less
implant damage and easier to be annealed. Frontier Semiconductor provides a metrology
system that measures the non-contact sheet resistance, and leakage current, called RsL. The
RsL leakage current measurement for Ge + C co-implanted US]J shows an average of 28
uA/cm? in this case. And the RsL leakage current measurement for Ge + C co-implanted
US] shows an average of 0.7 uA/cm? in this case. This is only one fourth of the leakage
current from POR.
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Fig. 19. Comparison of the B/400eV/1x10%cm2 LSA annealed dopant profile with the
presence of the Ge + C, and CisHjpimplant. The POR is a Ge/12keV /1x1015cm-2+
C/2.5keV /1x1015cm2 implant sequence, and CigHipimplant is of the equivalent carbon dose
and energy.
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Fig. 20. RsL leakage current measurement for Ge + C co-implanted US] shows an average of
28 uA/cm2 in this case.
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Fig. 21. RsL leakage current measurement for CjsHio co-implanted US] shows an average of
0.7 uA/cm? in this case.

We also investigated the combination of CisHio, and BisHz, implants for US] formation in a p-
MOSFET SDE doping process for a 40nm logic device. We studied the split condition of
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various energies, beam currents, and different advanced annealing schemes. The objective of
this study is to use molecular carbon implant technology to supersede monomer carbon
implants as a new process step in advanced CMOS device manufacturing. There are several
reasons for the industry to consider molecular carbon instead of monomer carbon. First,
conventional monomer carbon implant has poor implanter productivity. Secondly, carbon
implants may have side effects (Mirabella, 2002), such as their competition with electrical
dopant for substitutional silicon lattice sites and formation of excessive point defects, and incur
penalties as well as benefits. Therefore, its adoption requires complicated integration schemes.

The purpose of this study was on developing the future USJF. Since the annealing program
could be altered and the thermal budget be reduced, the focus was put on the interaction
between implant and anneal. There are three different annealing programs involved in this
study. The first one is a millisecond laser anneal. The second and the third programs are
with spike RTP with the peak temperatures at <1000°C and >1000°C, and followed by laser
anneal. We denote them as anneal “A” and anneal “B” respectively. In the blanket wafer test
part, an implant and anneal matrix was designed to study the possibility of using CicHio, to
replace the 2-step Ge-PALI + carbon co-implant sequence. In the device wafer test, we use the
p-MOSFET of 40nm node logic, which requires high dose and low energy BF, implant,
along with three other co-implants for the SDE doping process. In this study, the
productivity of BigH2 for low energy boron implant was also evaluated. We first focus on
the process matching of BisHx to the recipe of 3keV BF,* in the process of record (POR).
There is also a 2-step Ge-PAI + carbon co-implant sequence precedes the BF, SDE implant.
In the subsequent annealing process, both RTP spike and LSA annealing are applied in this
case. Since there is fluorine in the BF; implant, which is known to affect the boron doping
profile during anneal, the BigH»* energy may need some adjustment to reflect the difference
in the boron diffusion profile from the influence of fluorine.

If the conventional co-implants were replaced by CisHio, the Rs could be further improved
when millisecond laser anneal was applied. This offers the process solution to the LSA only
scheme. We expect lower device leakage since Ge-PAI was eliminated. In this case, a light
RTP spike anneal was applied to remove the implant damage. Although the molecular
carbon implant appears to have the process equivalency as the conventional co-implants, it
has lost the process advantages in Rs reduction as shown in the LSA only case. Figure 22
shows the 350eV boron post anneal dopant profile of different annealing schemes. As
expected, the xj increases in accordance to RTP temperatures. LSA offers diffusionless
anneal, and it only shifts the profile for no more than 2nm deeper, and gets the best sheet
resistance. If the spike RTP was added prior to LSA, the profile would shift from 5 to 7nm
for “A” annealing scheme and “B” annealing scheme respectively. In figure 23, the 350eV
boron implant of the 2-step co-implant is compared against the CisHio co-implant. The xj of
these two implant schemes all shift 5nm after “A” annealing scheme. We can conclude that,
even with the light spike RTP added in the annealing scheme, molecular carbon co-implant
would behave the same as the monatomic co-implants. The reason is that millisecond
anneal, although can activate boron dopant atoms effectively, it doesn’t remove the
excessive interstitials resulted from implant damage due to limited thermal annealing.
When a spike RTP in the 1000 C regime was applied, the implant induced EOR defect
damage would resolve and release the interstitials, which allows the boron TED to run out
its course, due to sufficient thermal energy. Therefore, the self-amorphization property of
the molecular Ci6Hio implant may not bring process benefits to p-type US] formation, unless
a diffusionless annealing scheme is employed.
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Fig. 22. The 350eV boron post anneal dopant profile of different annealing schemes. LSA is a
millisecond laser anneal. Anneal “A” is a <1000°C spike RTP followed by a millisecond
anneal; and anneal “B” is a >1000°C spike RTP followed by a millisecond anneal.
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Fig. 23. The 350eV boron post anneal dopant profile of different annealing schemes, and of
the Ge-PAI plus mono-atomic carbon 2-step co-implant versus the CisHio co-implant.

Figure 24 shows the overlap capacitance of CisHio plus BisH implanting into the SDE
region of a 40nm logic device. In comparison to the POR implant matrix shown on the left
side, BigH2, direct replacement of BF, as the boron dopant in the POR appears to have a
much higher C,,. This indicates that BigHz diffuses faster than BF, in the RTP plus LSA
annealing scheme. The main reason should be due to the presence of fluorine in the BF,
implant, which also plays a role in boron TED suppression. However, if the Ci¢Hyo implant
is employed instead of the conventional co-implants, the Coy is restored. In short, molecular
implants can at least be shown to have process equivalency even if the annealing scheme is
not in favor of molecular implants. On the other hand, CisHio has been shown as a valid
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replacement for current POR co-implants for PMOS SDE. It not only can be easily integrated
into the existing process nodes for Ge-PAI replacement, but also allows a smooth transition
to a smaller thermal-budget or diffusionless annealing scheme in the future.
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Fig. 24. Overlap capacitance of Ci¢Hig plus BigHz. implanting into the SDE region of a 40nm
logic device, where the POR is mono-atomic Ge-PAlI plus C, followed by a BF2 SDE implant.
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Fig. 25. The 2keV equivalent boron energy beams of BF,, BigH1s, and BigHa,, could be
extracted from the source and travel in the ion implanter beam line at an energy of 5keV,
20keV and ~40keV respectively.

6. Conclusion

Owing to the advent of High Mass Molecular implant technology, semiconductor
manufacturing fabs now have an opportunity to leap forward in making great productivity
and process improvement by utilizing its unique properties of effective beam transportation in
the ion implanter beam line, and self-amorphization during process. The amorphous layer
could be formed at a relatively lower dose for the HMM implant to avoid the side effects of
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excessive implant damage. By proper tuning the molecular carbon implant, we can show
process equivalency to conventional co-implant scheme, and utilize it for the 40nm p-MOSFET
device. Should the annealing scheme be flexible, and the carbon implant only sees the LSA as
the post-implant anneal, the adverse effects of carbon implant, such as its competition against
boron dopant for activation, etc, can be nullified. Figure 25 shows the industrial trend in the
past 40 years for choosing the primary p-type dopant. This trend is in response to the demand
for low energy boron implant. Fortunately, people always find a production worthy solution
when the request becomes imminent. Even though using BF; as the source material is
problematic, the industrial people are still clinging to it due to the benefit of higher
productivity than monatomic boron for low energy operation. It is authors’ believe that as long
as Moore’s law still holds, both productivity and process issues will compel fab engineers to
migrate to the next generation of p-type dopants. It would be only natural for such evolution
to take place. Just as sometimes in the past, we migrated from monatomic boron to small
molecular BF. This time we are just going from BF,, the smaller molecule to BigH14 or BigHa,
bigger molecules. For the last transition, the productivity improvement was noticeable, but not
awesome, due to either boron or BF,, only has one dopant atom in it. But for this transition, the
productivity would get improved from ten to twenty times, due to the HMM BioHi4 or BisHx»
ions contain that many more dopant atoms. This would be more than just an evolutionary
change. It is so significant a leap for the ion implantation technology so that it should to be
deemed as a revolutionary change for the silicon manufacturers to make.
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1. Introduction

Spectroscopic ellipsometry (SE) is an optical technique that measures changes in the
reflectance and phase differences between the parallel (Rp) and perpendicular (Rs)
components of a polarized light beam upon reflection from a surface. As a non-contact and
non-destructive optical method, SE is widely used to determine the thickness and optical
constants (refractive index n and extinction coefficient k) of films or layered structures, as
well as other properties related to optical constants.

Spectroscopic ellipsometry was firstly applied to analyze the optical properties of implanted
silicon wafer back in 1979. From then on the SE technique has been widely used in
characterization of mono-, micro-, and poly- crystalline, and amorphous silicon wafers, and
in implantation and annealing process monitoring. Up to now, most researches were
focused on the visible spectral range as implantation induced lattice damage altered the
optical properties of implanted silicon wafers in the visible range. However, when the
implanted silicon wafers were thermally annealed, their optical properties in the visible
range were restored to that of monocrystalline silicon. Visible SE can no longer distinguish
between silicon wafers implanted with different dose or energy. On the other hand, Infrared
spectroscopic ellipsometry (IRSE) could be a sensitive characterization technique for
implanted silicon wafers, as in the infrared spectral range, the optical properties of the
implanted silicon wafers are functions of the activated impurity concentration, which is a
function of the implantation dose or energy.

In this chapter, the principle of ellipsometry is introduced briefly in section 2. The application
of visible spectroscopic ellipsometry to characterize silicon wafers is reviewed in section 3. In
section 4, IRSE spectra of implanted silicon wafers with and without thermal annealing are
analyzed comparatively. An equivalent optical model is established to fit the IRSE spectra for
implanted and annealed silicon wafers. Finally, a summary is presented in section 5.

2. Principle of ellipsometry

Spectroscopic ellipsometry is a sensitive optical technique for determining optical and
structural properties of layered surfaces and thin films. In this section, a brief introduction to
the principle of ellipsometry measurement is presented.
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Fig. 1. Reflection and transmission of a transparent plate

When linearly polarized light of a known orientation is reflected or transmitted at oblique
incidence from an interface, the reflected or transmitted light becomes elliptically polarized.
The orientation and shape of the ellipse depend on the direction of the polarization of the
incident light, the angle of incidence, and the optical properties of the interface. Based on the
electric field components polarized parallelly (p) or perpendicularly (s) to the plane of
incidence, the polarized light can be classified as p- and s- polarized light.

Taking a transparent plate for example, the incident light was divided into reflected light
and refracted light at the surface of a sample when a monochromatic beam with wavelength
A\ was incident as show in Fig. 1. Every encounter with the interface of the beam would have
a decomposition, therefore, the total reflected light is the summation of the multiple
reflection and refraction of light 0,1, 2, ..., n.

Here, assume d is the plate thickness and N=n+ik is the complex refractive index of the plate,
with 1 the refractive index and k the extinction coefficient. The complex refractive indexes of
the medium on both sides of the plate are N1 and N, respectively. The optical path
difference Iy between the reflected beam 0 and the reflected beam 1 is:

ly=N-(AC+AB)-N, -AD 1)
where
AC-CB-—1 @
cos gy
S 2
AD =2dtang; sing, = 2dnsin” ¢, 3)
cosg,
and
Iy =2dN cos ¢, 4)
The corresponding phase difference is
52k _drd N? —sin? ¢, (5)

A A
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According to Fresnel reflection formula, the reflective index of p-component and s-
component at two surfaces of the sample can be deduced as follows:

_ Ncosp—N;cosp,

T, = 6
7" Ncosp+N,cosg, ©
N;cosp—Ncosg,
1s = N (7)
1cos@+ Ncosg,
N, cos@,; — N cos
ryy = Nz gl P ®)
,cos@; + Ncosg,
Ncos@, —N, cos
. = $1 — N, COSPy )

- Ncos¢; + N, cosp,

Assume that the amplitudes of p- and s-components of the incident beam and the reflected
beam are Ei, , Eis, Erp , Ers, respectively, while

E
R, = ?. R = Er (10)
E,
ip
The ratio of the total reflectance of p-component and s-component is:

Ry _En/Ep _Ep/E)r ig-p) (11)
Rs Ers/Eis (Ep/Es)i

Where B; = (Bp - Bs)i is the phase difference of p- and s-components in the incident light, and
Br = (Bp - Ps): is the phase difference of p- and s-components in the reflected light. Define

_ (Ep/Es)r 12
tan¥ = 7(13,,/}55)1- (12)
A= ﬂr - ﬂi (13)
then
% =tan¥-¢" (14)

S

where tan? means the attenuation of the relative amplitudes of p- and s-components after

being reflected on each surface (or interface) while A means the phase difference change

through this process, both of which can be measured by an ellipsometer directly.

Taking multiple reflection and refraction on the surface of the sample into account and

combining Fresnel formula, the total reflection coefficients of p- and s-components are
Tyt exp(—id) (15)

P14 1T €XP(~id)
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_ 1y, + 1 exp(—iod)

. (16)
1+ 1,1y, exp(—id)
Ellipsometric equation can be represented by
tan W - e = & _ oy exp(-id) 1+ 1. exp(-id)
R, 1+n,n, exp(—id) 1, + 1y, exp(—id) (17)

=f(N1,Ny,N,9,d,2)

which shows the relationship between the variation of polarization state ¥, A and the
thickness d, the complex refractive index N. Here both ¥ and A are called ellipsometric
parameters, each of which has an angular value. Since Ni, N, A and ¢ are known
parameters, and ¥ and A can be measured experimentally, N and d can be determined by a
least-square fitting calculation. This is the foundation of calculating the sample’s thickness
and complex refractive index by the ellipsometric data.

 Polarizer S—> Analyzer | Detector

Sample
Fig. 2. Schematic diagram of a general spectroscopic ellipsometric arrangement

The changes of the polarization direction of the reflected or transmitted light can be
measured with a spectroscopic ellipsometer, by which the relative amplitude and phase
change introduced by the interface can be calculated. The schematic diagram of a general
spectroscopic ellipsometric arrangement is shown in Fig. 2.

A collimated monochromatic or quasi-monochromatic beam from a light source passes
through a variable angle polarizes to produce light of known controlled polarization. The
light interacts with the sample under study and its polarization is modified. The modified
state of polarization at the output of the system is analyzed by a variable polarization
analyzer and can be measured by a photo-detector. Then, an equal optical model that can
accurately represent the true physical structure of the sample under study should be
developed to interpret the measured data. Finally, the optical and structural parameters of
the sample can be obtained by solving an inverse problem.

As spectroscopic ellipsometry is a powerful and versatile non-contact and non-destructive
technique for the investigation of the optical properties and structural parameters of thin
films or layered structures, it has found wide applications in many different fields, from
semiconductor physics to microelectronics and biology, from basic research to industrial
applications, etc.. In the following sections, some typical applications of spectroscopic
ellipsometry on the measurements of semiconductor silicon are presented.
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3. Visible and near infrared ellipsometry

Spectroscopic ellipsometry is sensitive to the optical properties of the film deposited on a
substrate. Therefore the physical or chemical properties which link to the optical properties
of the sample can be characterized by spectroscopic ellipsometry.

In integrated circuits (IC) manufacturing, silicon wafers were doped by ion implantation to
improve their electrical properties. Implantation induced damage altered the optical properties
of the silicon wafers in the visible spectral range. Therefore, most spectroscopic ellipsometry
measurements on implanted silicon wafers were carried out in the visible spectral range. In
the past few decades, spectroscopic ellipsometry was applied to characterize the damage
depth profiles, the surface and interface, and the structural changes of the silicon wafers.

As the SE measured damage is introduced by ion implantation, implantation parameters, such
as the implantation dose and energy, can therefore be obtained indirectly. In visible spectral
range, spectroscopic ellipsometry has been widely used for in-situ monitoring of ion
implantation dose. As early as the 1980s, spectroscopic ellipsometry was applied to investigate
the As* and P* ion implanted silicon wafers at wavelengths in the range of 325-400 nm. Results
have shown that the ellipsometric spectra in this spectral range were very sensitive to the
lattice damages introduced by ion implantation. Both implantation dose and energy could be
determined by visible SE. In several research papers the monitoring of implantation energy by
visible spectroscopic ellipsometry were reported. Spectroscopic ellipsometry could also be
used in thin film deposition processes, such as the growth of microcrystalline silicon. The
measurements were carried out in the 2.5-5eV (248-496nm) spectral range.

In our work, five groups (G1 to G5) of silicon wafers with properties shown in Table 1 were
prepared under different process conditions. All substrates were prepared from the same
batch of <111> oriented p-type Czochralski crystalline silicon wafers, (525+20um, 8-13Q-cm),
with the front surface chemically-mechanically polished. These samples were implanted
with As+ ions. Gl and G2 were implanted with implantation doses from 1x101! to
1x1016/cm? at the same implantation energy of 100keV. G3 and G4 were implanted with
implantation energies from 20 to 140keV at implantation dose of 1x1015/cm?. All wafers of
G5 were implanted with 1x1015/cm? at 100keV. After implantation, G1 and G3 were then
annealed in a rapid thermal annealing (RTA) system for 30s at 1100°C in an inert nitrogen
atmosphere, and G2 and G4 were not annealed. Wafers in G5 were annealed at various
temperatures ranging from 500 to 1100°C for 30s.

Wafer . Implantation ener Annealin
group Implantation dose (As*/cm?) P (keV) &Y tempera turesz C)
G1 1x1011 - 1x1016 100 -
G2 1x1011 - 1x1016 100 1100
G3 1x1015 20 -140 -
G4 1x1015 20 -140 1100
G5 1x1015 100 500 - 1100

Table 1. List of wafer groups prepared with different implantation and annealing conditions

The SE measurements were performed with a generalized ellipsometer at room
temperature. The spectral range from 270 to 2000 nm was covered using a rotating-analyzer
ellipsometer with automated compensator function (VASE®, J. A. Woollam). All
measurements were carried out at an angle of incidence of 75°.
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The ellipsometric spectra of ion implanted wafers with different implantation doses without
annealing were plot in Fig. 3. The optical properties in the visible spectral range were altered
by ion implantation for wafers with implantation dose higher than 1014cm-2. However, when
these highly implanted wafers were annealed at high temperature, the visible ellipsometry
(300-800nm) could no longer distinguish the wafers with different implantation doses, even
for wafers implanted with a high dose. The visible ellipsometric spectra of ion implanted
wafers were close to that of monocrystalline silicon, as presented in Fig. 4.
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Fig. 3. Ellipsometric spectra of wafers G1 in visible and near infrared range at 75°.
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Fig. 4. Ellipsometric spectra of wafers G2 in visible and near infrared range at 75°.
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Figure 5 presented the ellipsometric spectra for wafers implanted with different
implantation energies. The implanted layer influenced the visible ellipsometric spectra, and
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Fig. 5. Ellipsometric spectra of wafers G3 in visible and near infrared range at 75°.

the layer thickness was determined by implantation energy. Similar to that in Fig. 4, the
visible ellipsometric spectra for annealed wafers with different implantation energies were
close to that of non-implanted monocrystalline silicon, as shown in Fig. 6. Ellipsometric
spectra for wafers annealed at different temperature were plot in Fig. 7. Spectra of wafers
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Fig. 6. Ellipsometric spectra of wafers G4 in visible and near infrared range at 75°.
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prepared with the same implantation conditions but without thermal annealing were shown
for comparison. When the implanted wafers were thermally annealed, the temperature of
600°C was considered to be a threshold, above this annealing temperature the damaged
material was reconstructed and returned to its original crystal structure. Thus the annealing
temperature of 1100°C in our process made the implantation induced structural damage
almost totally recrystallized.

As' implanted and annealed
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Fig. 7. Ellipsometric spectra of wafers G5 in visible and near infrared range at 75°. For
comparison, the spectra of a non-annealed reference wafer were shown by the solid lines.

4. Infrared spectroscopic ellipsometry

The results reported in section 3 indicated that the visible SE is not a sensitive method to
investigate the ion implantation induced effects of ion-implanted silicon wafers which
were completely annealed. In practice, however, during the ICs processing, ion
implantation is the predominant doping method to alter the electrical properties. It is
always followed by thermal annealing to recrystallize the damaged material and active
the impurities. Evaluating the distribution of the implanted ions and the activated
impurities after ion implantation and thermal annealing is essential for the semiconductor
device design, simulation and fabrication. From section 3 it is noticed that the effects of
implantation dose and energy on the SE parameters begin to be evident from the near
infrared range, as shown in Fig. 4. It is of interest to extend the SE measurement into the
infrared spectral range.

The infrared spectroscopic ellipsometry measurements were carried out in the 300-5000cm-1
(2-30um) spectral range by a rotating-polarizer, rotating-compensator, Fourier-transform
based variable angle spectroscopic ellipsometer (IR-VASE®, ]J. A. Woollam Co.) at room
temperature. The angle of incidence was set to 75° to keep in consistence with the SE
measurements performed in the visible spectral range. The same wafers used in Section 3
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were comparatively studied in the infrared spectral range, with the ellipsometric spectra of
wafers G1-G5 were presented in Fig. 8 to Fig. 12.
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Fig. 8. Ellipsometric spectra of wafers G1 in the infrared range at 75°.
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Fig. 9. Ellipsometric spectra of wafers G2 in the infrared range at 75°.



114 Crystalline Silicon - Properties and Uses

¥ in Degree

As" implanted

Nonimplanted

- - - 20keV 50keV
—-—:-80keV ---- 100keV
rrrrrr 120keV - 140keV

A in Degree

Wavelength (um)

Fig. 10. Ellipsometric spectra of wafers G3 in the infrared range at 75°.
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Fig. 11. Ellipsometric spectra of wafers G4 in the infrared range at 75°.
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Fig. 12. Ellipsometric spectra of wafers G5 in the infrared range at 75°. For comparison, the
spectra of a non-annealed reference wafer were shown by the solid lines.

In opposition to the results obtained in the visible spectral range, as presented in section 3, the
IRSE is not a sensitive method for implanted wafers without thermal annealing. The value of
ellipsometric parameter ¥ ranged only 2-4°, as shown in Fig. 8, Fig. 10, and Fig. 12. The results
indicated that ion implantation alone introduced no significant change to the optical properties
of damaged crystal structure in the infrared range. However, once the implanted wafers were
thermally annealed at high temperature, the IRSE could effectively distinguish the wafers with
different implantation doses, especially for wafers implanted with a high dose, as presented in
Fig. 9. On the other hand, the IRSE could not clearly distinguish the wafers implanted with
different energies, as shown in Fig. 11. In the following, the infrared ellipsometric spectra for
implanted and annealed wafers were analyzed in details.

In the infrared range, different absorption processes exist in a silicon wafer, such as free
carrier absorption, impurity absorption and Reststrahlen absorption, as shown in Fig. 13.
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Fig. 13. Absorption coefficient plotted as a function of the photon energy in a silicon wafer,

illustrating various possible absorption processes
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At room temperature for silicon, the impurity absorption is too weak to be observed. The
influence of the Reststrahlen absorption process on the optical properties of implanted
silicon wafer is at least two orders of magnitude lower than the influence of the free carrier
absorption, thus is negligible. Therefore, the free carrier absorption dominates the optical
properties of the implanted layer in the infrared range, which can be described by a classical
Drude model:

2
HE=ho)=— (18)
gop(r-E +ihE)
with

1

'D_eN/J'

p=er/m", (19)

m=m"[my

where ¢is the complex dielectric constant, & is the vacuum dielectric constant, N is the carrier
concentration, e is the electronic charge, m" is the ratio of the optical carrier effective mass to
the electron rest mass, E is the energy of the incident photons, p is the resistivity, and ris the
mean scattering time of the free carriers. The parameters ¥ and A can be implicitly expressed
as a function of the dielectric function gand the thickness of the wafer under study.

In order to simulate the optical properties of the ion implanted silicon wafer, the atoms
distribution was calculated. The calculation was performed with the Monte Carlo simulation
by software package TRIM. Figure 14 shows the simulation results as well as the
corresponding Gaussian fit for an As* implanted silicon wafer.
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Fig. 14. Calculated As* ion distribution and corresponding Gaussian fitted result.

The As* ion distribution can be expressed with a Gaussian function:

1,d-R,
N:Nmaxexp[_i( ARp

)1, (20)
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where Nmax is the maximum carrier concentration, d is the depth, R;, is the range, and AR, is
the standard deviation of the Gaussian function. The Gaussian fitted curve is plot in Fig. 14.
The fitted values are given in Table 2.

Fitted parameter Fitted value Fitting error
R, (nm) 69.78909 0.2599
AR, (nm) 25.8049 0.32895
A (corresponding Ny ) 15.63882 0.15216

Table 2. As* ion distribution parameters fitted with a Gaussian function.

For the evaluation of IRSE data of these implanted wafers, the optical model with an ion-
implanted layer described by 30 sub-layers, and a single-crystalline silicon substrate layer is
employed to describe the structure of the implanted wafer. Although both the m* and 7 are
functions of the doping concentration, it is reasonable to consider them as fixed values in the
ion-implanted layer in each fitting. The optical properties of the ion implanted layer can be
expressed by the Drude model, while the optical properties of the substrate silicon in the
infrared range can be taken from literature (Palik, 1998). Then, the ion distribution parameters
and the physical properties of the implanted layer can be fitted. In the multi-parameter fitting
program, a mean square error (MSE) was minimized. The MSE was defined as:

n

mod exp \2 mod oxp \2

Z{(tan‘l’i —tan¥,; ) +(cosAi —cos A, ) } (21)
2n-pis

Here, mod and exp represent the data calculated from the theoretical model and the
experimental data, respectively. n is the number of measured y and A pairs being included
in the fitting and p is the number of fitting parameters. In this multi-parameter fitting, six
parameters are set as free parameters to minimize the MSE, that is, Nyux, Ry, 4Ry, m, p
and the implanted layer thickness I.

To reduce the number of iteration and improve the computation efficiency in the multi-
parameter fitting procedure, it is important to give a reasonable initial set of values for the
free parameters in the fitting. Here, R, and 4R, values fitted in Table 2 are set as the initial

dose

N27m - AR

4

in G2 with As* ion implantation dose higher than 1x104 cm2 can be distinguished by
infrared ellipsometric spectra, which are fitted with above model. The optimized fitted
parameters for the ion-implanted layers of wafers implanted with different doses are listed
in Table 3, in which the p and t values are calculated with the fitted values. The IRSE fitted
results for wafers in Table 3 are shown in Fig. 15 by the solid lines. The units of the
horizontal abscissa are wave number, in accordance with the measurement conditions of the
infrared ellipsometer. Good agreements between the experimental SE data and the best fits
are observed in this spectral range.

From Table 3, it is observed that the impurities were activated by the rapid thermal
annealing, which resulted in the redistribution. For implanted wafers with higher doses,
more impurities were activated and the impurities diffused farther. Therefore, the Nyux, Ry
and 4R, of the implanted layer increased with the increasing implantation dose, especially
for wafers with high implantation doses. Meanwhile, the mean scattering time of the free
carriers decreased due to the increasing impurity concentration.

MSE? =

values. For Ny, the initial value is . As shown in Fig. 9, only the annealed wafers
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Dose (cm2)  1x1014 5x1014 1x1015 3x1015 6x1015 1x1016

I (nm) 118.1 152.2 166.5 171.9 249.6 252.2
Ry (nm) 60.4 66.1 62.3 62.9 85.9 97.5
AR, (nm) 65.6 64.8 66.1 73.6 99.2 104.8
Npax (cm3)  83x1018  2.8x1019 9.9x10¥ 3.2x1020 7.3x1020 1.5x102
p (cm2/V-s) 166.6 58.4 26.6 20.1 11 72
m 0.36 0.37 0.67 0.78 1.43 1.95
p (103Q-cm) 451 3.82 2.37 0.97 0.78 0.58
T (fs) 34.06 12.15 10.1 8.96 8.95 7.99
MSE 0.386 0.316 0.257 0.21 0.302 0.276

Table 3. Best-fit model parameters of the ion-implanted layer. p and t are calculated with the
fitted values.
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Fig. 15. The measured and best-fitted infrared ellipsometric spectra ¥ and A for silicon
wafers As* implanted with different doses.

5. Conclusion

In this chapter the application of spectroscopic ellipsometry to silicon characterization and

processes monitoring has been reviewed. The comparative studies on the infrared

spectroscopic ellipsometry for implanted silicon wafers with and without thermal annealing
have been presented. Several conclusions can be summarized as follows:

e For implanted but non-annealed silicon wafers, the optical properties in the visible
spectral range are determined by ion implantation induced lattice damages.

e For implanted and annealed silicon wafers, the optical properties in the visible spectral
range are close to that of monocrystalline silicon, as the lattice damages are recovered
by thermal annealing,.

¢ In infrared spectral range, the optical properties of the implanted and annealed silicon
wafers are functions of the activated impurities concentration, which is determined by
the implantation dose, the implantation energy and the annealing temperature.

e  The optical properties of the implanted and annealed silicon wafers in the infrared
spectral range can be described with a Drude free-carrier absorption equation.



Infrared Spectroscopic Ellipsometry for lon-Implanted Silicon Wafers 119

Therefore, the infrared ellipsometric spectra can be analyzed with the corresponding
model to better characterize the implanted and annealed silicon wafers.
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1. Introduction

Silicon has many advantages over other semiconductor materials: low cost, nontoxicity,
practically unlimited availability, and decades of experience in purification, growth and
device fabrication. It is used for almost all modern electronic devices. However, the indirect
energy gap in bulk crystalline Si makes it unable to emit light efficiently and thus unsuitable
for optoelectronic applications. For example, lasers, photodetectors are not constructed
from silicon. On the other hand, although silicon is widely used for solar cell fabrication, the
efficiency can not exceed the Schockley and Queisser limit in single band gap device,
because of its inability to absorb photons with energy less than the band gap and
thermalisation of photon energy exceeding the band gap. One approach for tackling this
disadvantage is to use tandem cells, which can implement the increasing of the number of
band gaps (Conibeer et al., 2006; Cho et al., 2008). Moreover, the band gap in silicon is too
small to interact effectively with the visible spectrum. If the gap could be adjusted, silicon
would be used for either electronic or optical application. In 1990, it was firstly observed
experimentally by Canham (Canham, 1990), that photoluminescence (PL) occurs in the
visible range at room temperature in porous silicon (PS). Since then the silicon clusters or
silicon quantum dots (Si-QDs) or silicon nanocrystals (Si-NCs) have attracted much of
research interest, and many of theoretical models, computations, and experimental results
on band structures, PL and other electronic properties have been reported during the last
decades (Ogﬁt et al., 1997, Fang & Ruden, 1997; Wolkin et al., 1999; Wilcoxon et al., 1999;
Soni et al., 1999; Vasiliev et al., 2001; Garoufalis & Zdetsis, 2001; Carrier et al., 2002; Nishida,
2004; Biteen et al., 2004; Tanner et al., 2006). The results from these reports show that in low-
dimension silicon structures, such as silicon nanocrystals or silicon quantum dots, electronic
and optical properties can be quite different from those of silicon bulk counterpart, for
instance, free-standing Si-NCs show strong luminescence, the color of which depends on the
size of the Si-NCs, and the gap and energy increase when their size is reduced. Therefore,
the energy gap can be tuned as a function of the size of quantum dots.

We are especially interested in the theoretical study on the band gap and the optical
spectrum with respect to the size of the Si-NCs or Si-QDs and surface terminations and
reconstructions.

The effective mass approximation (EMA) is used by Chu-Wei Jiang and M. Green to
calculate the conduction band structure of a three-dimensional silicon quantum dot
superlattice with the dots embedded in a matrix of silicon dioxide, silicon nitride, or silicon
carbide( Jiang & Green, 2006), and later the EMA is only of partial use in determining the
absolute confined energy levels for small Si-NCs, because it has been found a decreasingly
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accurate prediction of the confined energy level by the EMA as the Si-QDs size decreases(
Conibeer et al., 2008).

Time dependent density functional theory (TDDFT) has been performed by Aristides D.
Zdetsis and C. S. Garoufalis over the last ten years (Garoufalis & Zdetsis, 2001; Zdetsis &
Garoufalis, 2005). In their calculations the Si dangling bonds on the surface of the Si-NCs are
passivated by hydrogen and oxygen. In the DFT method, they have used the hybrid
nonlocal exchange correlation functional of Becke and Lee, Yang and Parr, which includes
partially exact Hartree-Fock exchange (B3LYP). Their results are in excellent agreement
with accurate recent and earlier experimental data. It is found that the diameter of the
smallest oxygen-free nanocrystal that could emit PL in the visible region of the spectrum is
around 22 A, whereas the largest diameter falls in the range of 84- 85 A. The high level and
the resulting high accuracy of their calculations have led to the resolution of existing
experimental and theoretical discrepancies. Their results also clarify unambiguously and
confirm earlier predictions about the role of oxygen on the gap size. More recently, they
report accurate high level calculations of the optical gap and absorption spectrum of ultra
small Si-NCs of Inm, with hydrogen and oxygen passivation (with and without surface
reconstruction) (Garoufalis & Zdetsis, 2009). They show that some of the details of the
absorption and emission properties of the 1 nm Si nanoparticles can be efficiently described
in the framework of TDDFT/B3LYP, by considering the effect of surface reconstruction and
the geometry relaxation of the excited state. Additionally, they have examined the effect of
oxygen contamination on the optical properties of Inm nanoparticles and its possible
contribution to their experimentally observed absorption and emission properties.

By performing the same method, TDDFT, the optical absorption of small Si-NCs embedded
in silicon dioxide is studied systematically by Koponen (Koponen et al., 2009). They have
found that the oxide-embedded Si-NCs exhibit absorption spectra that differ significantly
from the spectra of the hydrogen-passivated Si-NCs. In particular, the minimum absorption
energy is found to decrease when the Si-NCs are exposed to dioxide coating. The absorption
energy of the oxide-embedded Si-NCs remains approximately constant for core sizes down
to 17 atoms, whereas the absorption energy of the hydrogen-passivated Si-NCs increases
with decreasing crystal size. They suggest a different mechanism for producing the lowest-
energy excitations in these two cases.

Wang, et al, generate and optimize geometries and electronic structures of hydrogenated
silicon nanoclusters, which include the T; and I, symmetries by using the semi-empirical
AM1 and PM3 methods, the density functional theory DFT/ B3LYP method with the 6-
31G(d) and LANL2DZ basis sets from the Gaussian 03 package, and the local density
functional approximation (LDA), which is implemented in the SIESTA package(Wang et al.,
2008). The calculated energy gap is found to be decreasing while the diameter of silicon
nanocluster increases. By comparing different calculated results, they conclude that the
calculated energy gap by B3LYP/6-31G(d)//LDA/SIESTA is close to that from experiment.
For investigation of the optical properties of Si-NCs as a function of surface passivation,
they carry out a B3LYP/6-31G(d)//LDA/SIESTA calculation of the Sizs and Sigy; core
clusters with full alkyl-, OH-, NH-, CHoNH,-, OCHzs-, SH-, C3HgSH-, and CN- passivations.
In conclusion, the alkyl passivant affects the calculated optical gaps weakly, and the
electron-withdrawing passivants generate a red-shift in the energy gap of silicon
nanoclusters. A size-dependent effect is also observed for these passivated Si nanoclusters.
The optical absorption spectra of SinHp, nanoclusters up to 250 atoms are computed using a
linear response theory within the time-dependent local density approximation (TDLDA)
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(Vasiliev et al., 2001). The TDLDA formalism allows the electronic screening and correlation
effects, which determine exciton binding energies, to be naturally incorporated within an ab
initio framework. They find the calculated excitation energies and optical absorption gaps to
be in good agreement with experiment in the limit of both small and large clusters. The
TDLDA absorption spectra exhibit substantial blueshifts with respect to the spectra obtained
within the time-independent local density approximation.

2. Structure of silicon quantum dots

Typically, the size of Si-QDs is less than ten nanometers which is close to the exciton Bohr
radius of bulk silicon. Owing to the extreme small dimensions, silicon quantum dots
exhibit strong quantum confinement which causes the band gaps to widen, the electronic
states to become discrete, and the oscillator strength of the smallest electronic transitions
to increase. Generally, at ideal conditions, we consider that the interior of the dot has the
structure of crystalline silicon while the surface of the dot is passivated with specific
atoms depending on the surrounding environment of the dot, such as hydrogen, oxygen
and so on.

2.1 Physical characterization

Direct physical evidence of the crystallinity of Si-QDs has been obtained from high
resolution TEM, see Fig. 1a and b (Conibeer et al., 2006). Crystal planes are apparent in
many of the darker areas in these HRTEM images. The darker areas are denser material in a
less dense matrix, which are attributed to Si-NCs in a SiO, matrix.

Fig. 1. Cross-sectional TEM (a) HRTEM (b) images of Si QDs in oxide. (a) Shows the layered
structure and (b) shows individual nanocrystals in which crystal planes can be seen

Scientists also have studied about the nanostructures of Si QDs in other dielectrics such as
silicon nitride and silicon carbide, see Fig. 2a and b (Conibeer et al., 2006, 2008). Results from
HRTEM images are very promising, showing crystalline nanocrystals in the nitride matrix
and carbide matrix.

From the introduction stated above, we can see that it is reasonable to suppose that the
interior of the dot has the structure of crystalline silicon while the surface of the dot is
passivated with specific atoms at ideal conditions.
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@) (b)
Fig. 2. HRTEM images of Si-QDs in (a) silicon nitride and (b) silicon carbide

2.2 Ideal structure

Lots of experimental researches have been made on the electronic and optical properties of Si-
QDs. However, several factors contribute to making the interpretation of measurements a
difficult task. For instance, samples show a strong dispersion in the QD size that is difficult to
be determined. In addition, Si-NCs synthesized by different techniques often show different
properties in size, shape and the interface structure (Guerra et al., 2009). For the reasons stated
above, the majority of experimental work give diverse results. Therefore, theoretical model
calculations for some ideal structures have been considered very necessary to investigate the
properties of Si-QDs. Generally, passivated-surface silicon nanoclusters are the ideal
theoretical structure for us to study Si-QDs. In this section, we will introduce several ideal
structures of Si-QDs in theoretical simulation.

2.2.1 Hydrogen-passivated silicon quantum dots

Hydrogen is often used as the passivating agent for the silicon nanocluster surface in most
of the theoretical calculations and computations. It is generally accepted that hydrogen-
passivated silicon nanocluster (SinHm cluster) is the simplest structure to represent Si-QDs in
a vacuum environment and can reproduce most of the experimental results in despite of
neglecting some interface effects.

In Fig. 3, some idealized hydrogen-passivated quantum dots of silicon are illustrated. The
interior of the dot consists of silicon atoms in the diamond structure; the surface of the dot is
hydrogen-passivated. We can see that hydrogen atoms remove all dangling bonds on the
surface.

2.2.2 Oxidized silicon quantum dots

Si-QDs are believed to be the luminescence centres in PS. Experimental measurements on PS
samples have indicated that a large PL redshift is observed as soon as the freshly etched
samples (oxygen-free PS) are transferred from Ar to a pure oxygen atmosphere or to air;
however, no redshift at all is detected when the samples are kept in pure hydrogen
atmosphere or in vacuum (Wolkin et al., 1999). Therefore, it is obviously that the chemistry
of oxygen at the surface has played an important role when PS is exposed to air and has to
be considered in theoretical models for this problem.
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Fig. 3. Structures of SiyHn, clusters represented in terms of ball-and-stick models. Yellow
balls denote Si atoms and the white balls denote surface H atoms

There are totally four possible oxygen passivations on the surface of Si-QDs: (i) double-
bonded, (ii) backbonded, (iii) bridge-bonded and (iiii) inserted oxygen configurations. The
ball and stick representations of these oxygen passivation configurations are illustrated in
Fig. 4. Compared with corresponding hydrogen-passivated silicon clusters, oxidized
clusters are built up by substituting H or Si atoms on the surface with oxygen. From (b) to
(e), they are double-bonded, backbonded, bridge-bonded and inserted oxygen
configurations, respectively. It should be noted that the backbonded oxygen configuration is
different in geometry from the bridge-bonded oxygen configuration, in that the former can
preserve hydrogen coverage on a Si nanocrystal and retain the number of Si atoms when it
is oxidized, while in the latter, one oxygen atom replaces a surface SiH, dihydride on the
initial dot causing a decrease of the number of H and Si atoms. In another word, for the
backbonded oxygen configuration, the oxygen atom is situated between the nearest-
neighbor Si atoms while in the bridge-bonded oxygen configuration it is situated between
the second nearest-neighbor Si atoms, referring Fig. 4(c) and (d).

(b} (d} (e)

Fig. 4. Ball and stick representations of four possible oxygen passivation configurations, the
yellow balls represent Si atoms, red balls represent O atoms, and the white balls, H atoms:
(a) initial hydrogen-passivated silicon cluster, (b) double-bonded oxygen passivation
configuration (c) backbonded (d) bridge-bonded (e) inserted oxygen configuration

Actually there may exist other oxygen-contamination on the surface of Si-QDs when
oxidized. Zdetsis and Garoufalis (Zdetsis & Garoufalis, 2005) proposed a structure that can
maintain the Td symmetry of the nanocrystals, considering only double-bonded oxygen
configuration, see Fig. 5.
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Fig. 5. Structure of oxidized nanocrystals with Td symmetry: The blue spheres are Si atoms,
the red spheres are O atoms, and the white spheres are H atoms

2.2.3 Silicon quantum dots embedded in different matrixes

Si-QDs are often embedded in a dielectric matrix based on the fabrication of Si-QDs.
Therefore, it is necessary to build an appropriate structure to simulate Si-QDs in such kind
of environment.

Fig. 6. Structures of Si-QDs embedded in an ionic environment, SiO;, Si3Ny, SiC matrix and a
co-valent environment (left to right; top to bottom): SiHy, Sis(CHs)12, Si1o(INH2)16, Si14(OH)2o,
Si1gF24, SiagHaz, Sizs(CHs)as; Sisa(INH2)as, Sisa(OH)e4, SitesF100

Konig et al (Konig et al., 2009) have used F, OH, NH,, CHs and H groups as the passivating
agent for the Si clusters surface to simulate Si-QDs embedded in an ionic environment, SiO,
SizNy, SiC matrix and a co-valent environment, respectively, see Fig. 6. Apparently, these
structures are simply built by replacing all the hydrogen atoms on the surface of hydrogen-
passivated Si clusters with F, OH, NH, and CHj3 groups, respectively.

However, there are many more complex structures when Si-QDs embedded in a SiO:
matrix. For instance, Koponen et al (Koponen et al., 2009) put forward some structures in
which Si clusters are embedded in one or two neutral SiO; shells and the outermost layer of
the cluster is hydrogen passivated in order to get rid of dangling bonds and to better mimic
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the effect of bulk silicon oxide. One of these structures is presented in Fig. 7(a). In addition,
Guerra et al (Guerra et al., 2009) obtained a crystalline embedded structure from a [-
cristobalite (BC) matrix by removing all the oxygen atoms included in a cut-off sphere,
whose radius determines the size of the Si-QDs. The final optimized structure of the Sis; in
[-cristobalite matrix is illustrated in Fig. 7(b).

{b)

Fig. 7. (a) A stick and ball representation of Sii7@Si»4O36Heo (Si clusters embedded in one
neutral SiO; shell), (b) The final optimized structure of the Sis; in B-cristobalite matrix

From the introduction stated above, we can clearly see that different structures should be
used for simulating Si-QDs in different environment. Besides the structures presented
above, there are many other structures used to simulate Si-QDs, we'll not elaborate here. It
is crucial to choose an appropriate structure for a certain problem, otherwise the results may
be inaccuracy and make no sense.

3. Method of calculation

Local-density approximations (LDA) are a class of approximations to the exchange
correlation energy functional in DFT that depends solely upon the value of the electronic
density at each point in space (and not, for example, derivatives of the density or the Kohn-
Sham orbits). It was used to study on the band gap and PL of Si-QDs in early researches
because of its simplicity and low computation cost. However, it is well known that time-
independent LDA calculations typically underestimate the experimental photo-absorption
gaps of Si-QDs (Vasiliev et al., 2001). TDLDA is then developed by Vasiliev as a natural
extension of the ground state density-functional formalism and LDA, designed to include
the proper representation of excited states.

The computation software we used is CASTEP module of Material Studio. CASTEP is an ab
initio quantum mechanical program employing DFT to simulate the properties of solids,
interfaces, and surfaces for a wide range of materials classes such as ceramics,
semiconductors, and metals. First principle calculations allow researchers to investigate the
nature and origin of the electronic, optical, and structural properties of a system without the
need for any experimental input. It allows to choosing local, gradient-corrected, and non-
local functionals for approximating exchange and correlation effect, and non-local functional
include screened exchange, HF, B3LYP and PBEQ. The screened exchange LDA (sX-LDA) is
used to calculate the band structures of silicon quantum dots by considering the



128 Crystalline Silicon - Properties and Uses

computational cost and accuracy. The structures with hydrogen and oxygen passivations
are partially shown in Fig. 3 and Fig.4, respectively.

4. Energy gaps of silicon quantum dots

Researches of Si-QDs can be divided into two groups: experimental measurements and
theoretical simulations. The results of experiments are coincide with that of simulations to
some extent, in spite of some discrepancies attributing to the measurement errors in
experiments and the idealized structures in simulations. In this section, some results from
other researchers are introduced first. Our computational results are then illustrated in the
figures.

4.1 Experimental results

Very Large amounts of works have been done on light emission from Si-QDs because they
are believed to be the luminescence centres in PS which had been observed having visible
PL and electroluminescence at room temperature. Generally, the properties of Si-QDs are
studied by measuring their PL in experiments. As we mentioned above, it is so hard to
precisely control the purity and size of the sample that the results of different experiments
may be differ from each other to some extent.
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Fig. 8. Summary of experimental data on peak PL energy versus Si- QD size

Wilcoxon et al (Wilcoxon et al., 1999) had summarized most of the existing experimental
results for PL peak energies as a function of the diameter of the Si-QDs, see Fig. 8. We note
that there are differences in the dependence on size reported by different authors. As
explained by Wilcoxon et al, all PL peaks of SiO, capped Si-QDs or Si-QDs embedded in
glass matrices fall into the shaded region of the diagram while the experimental data for the
oxygen-free samples (for the same value of the diameter) fall above this shaded region. So
we can clearly see that the interface situation plays a significant role in the luminescence
from Si-QDs.

In addition, Wolkin et al (Wolkin et al., 1999) obtained a similar conclusion by comparing
the PL of PS samples in different atmosphere, see Fig. 9. They first examined the freshly
etched samples (oxygen-free PS) with different porosities (equal to different sizes of Si-QDs)
and emitting throughout the visible spectrum. Then the oxygen-free PS samples were
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exposed to air and their PL energies were measured again. We can clearly see from Fig. 9
that after exposure to air, a redshift of the PL is observed, which can be as large as 1 eV for
blue luminescent samples that contain QDs smaller than 2 nm. Besides, authors pointed out
that a PL redshift was also observed as soon as the oxygen-free PS samples were transferred
from Ar to a pure oxygen atmosphere while no redshift at all was detected when the
samples were kept in pure hydrogen atmosphere or in vacuum. Moreover, they found that
there is an upper limit of the emission energy (2.1 eV) which is independent of size. So the
conclusion is that the surface passivation plays an important role, especially the chemistry of
oxygen at the surface can cause an evident change on the PL of Si-QDs and an upper limit of

energy gap.
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Fig. 9. Room temperature PL spectra from PS samples with different porosities kept under
Ar atmosphere (a) and after exposure to air (b)

On the whole, despite some inevitable differences, the experimental results show that for
ultra pure Si-QDs as their sizes decrease, there is a considerable blue-shift in the peak PL
energy which is due to the increase of band gap. However, if the Si-QD is not pure enough,
much more complex results will be obtained due to the influence of impurity contamination
and complicate interface situation.

4.2 Theoretical calculation results

As we have mentioned above, a number of computations based on TDDFT, TDLDA, and
other methods have been performed to simulate the properties of Si-QDs with different
structures and passivations. In this section, we are going to introduce our calculation results
and some theoretical results from other reports.

4.2.1 Hydrogen-passivated silicon quantum dots

Zdetsis and Garoufalis calculated the band gaps of hydrogen-passivated Si-QDs using
TDDFT, the results are shown in Table 1 (Zdetsis & Garoufalis, 2005). As it can be easily
seen in Table 1, with the size of Si-QDs decreases, the band gaps increases.

We have calculated the energy gaps of silicon QDs of different sizes from 0.6nm to 2nm in
diameter by using the CASTEP computation program, which employ the plane-wave
peseudopotentials method based on DFT. Some of the structures of Si-QDs we used are
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shown in Fig. 3. In the computations, screening exchange LDA (sX-LDA)/CA-PZ is used as
the type of exchange-correlation potential. As comparison, LDA/CA-PZ is selected as the
type of DFT exchange-correlation potential and calculations are performed again. The
results are shown in Fig. 10. It can be seen that LDA/CA-PZ suffer from the well-known
underestimation of the energy gap while sX-LDA/CA-PZ can obtain a more accurate result
which is well consistent with the results from other literatures (Vasiliev et al., 2001; Conibeer
et al., 2006).

No. of Si Total No. TDDFT"
atoms of atoms (eV)
5 17 6.66
17 353 5.03
29 65 4.53
35 ral 4.42
47 107 4.04
71 155 3.64
99 199 3.39
147 247 3.19

Table 1. The band gaps for small Si nanoclusters
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Fig. 10. Energy gaps of silicon QDs as a function of the QD diameter with H-termination
from our work (m) & (), and from the literatures [(A) & (<) from Vasiliev et al; (V) from
Conibeer et al]

4.2.2 Oxidized silicon quantum dots

Luppi and Ossicini (Luppi & Ossicini, 2005) carried out density-functional theory
calculations on oxidized Si-QDs using local density approximation, considering three kinds
of oxygen configurations: double-bonded, backbonded and bridge-bonded. The structures’
schematic diagram has been shown in Fig. 4. They pointed out that the multiple presence of
silanonelike Si=O bonds can be a reliable model for explaining the PL redshift observed in
oxidized PS samples. The same conclusion has been reached by Zdetsis and Garoufalis
(Zdetsis & Garoufalis, 2005) using TDDFT. Some of their calculated structures have been
shown in Fig. 5.
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However, a model based on a backbonded oxygen configuration has been proposed by
Nishida to explain the observed PL redshift (Nishida, 2006). Nishida carried out self-
consistent calculations using the extended Hiickel-type non-orthogonal tight-binding
method (EHNTB) for three different oxygen configurations (double-bonded, backbonded
and inserted). The results are illustrated in Fig. 11. The author pointed out that the energy
gaps calculated for Si dots double-bonded to oxygen are gradually decrease from 2.2 eV to
about 1.7 eV with increasing dot size and the inserted oxygen configuration does not cause a
significant energy-gap redshift even in the smallest Si-QD. At last he found out that the
energy gaps calculated for the Si-QDs backbonded to oxygen coincide well with
luminescence redshifts observed in PS.
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Fig. 11. Calculated energy gaps as a function of the diameter (D) of the Si -QDs studied.
The dashed line shows the oxidation-induced peak energy (at ~2.1 eV) in PL spectra
observed in PS

Obviously, the two conclusions stated above contradict each other. For this reason, we have
performed calculations using the CASTEP computation program for all four kinds of
oxygen configurations. The results we obtained based on LDA method are shown in Fig. 12,
from which we can safely come to a conclusion that it is the formation of a Si=O double
bond which is responsible for the PL redshifts in PS and other three types of oxygen
configurations only cause a few decrease in energy gap.

The discrepancy between the above results may be due to the difference of the oxygen
geometries, initial silicon clusters and the models based on different theories. So it is clear
that different structures or models may obtain quite different results.

4.2.3 Silicon quantum dots embedded in different matrixes

Konig et al performed a systematic analysis of Si-QDs embedded in different environment
by non-periodic spatial space density-functional-Hartree-Fock (DF-HF) computations of Si
clusters comprising 1-165 Si atoms corresponding to a spherical QD diameter of dgp=3.4-
18.5A (Konig et al., 2009). Some of the structures they used have been shown in Fig. 6 and
their simulation results are illustrated in Fig. 13. Obviously, it shows that different interface
termination causes different energy gaps. However, we can see that the entire trends of
different interface terminations are the same. It is that the energy gap increase with the size
decreasing.
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There are many more complicate calculations simulating Si-QDs in specific environments,
we'll not list them one by one here. From the results above, we know that many factors will
influence the properties of Si-QDs, other than the size, the interface termination also have a
significant impact, so we should make an comprehensive considerations to study the
properties of Si-QDs.

5. Conclusion

The band gap of Si-NCs or Si-QDs is size-dependent, and the energy of PL can be tuned
from the near infrared to the ultraviolet by changing the size of nanocrystals. The surface
passivation also plays an important role in determining the band gap. The third generation
photovoltaic (PV) solar cell using tandem cells, which is based on Si quantum dots
nanostructures, is proposed by Martin Green group (Conibeer et al., 2006, 2008). A number
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of theoretical models, computations results on PL have been reported, and much of research
effort on the properties of Si-QDs has been performing currently. Based on CASTEP
quantum mechanical program with choice of sX-LDA/CA-PZ, the band gap of Si-QDs with
H-passivation and O-passivation is calculated. The results show that band gap increases
when the size of quantum dots decreases for both H-passivation and O-passivation
structures. The computation method sX-LDA/CA-PZ is comparable with TDLDA in the
computational accuracy. Further research on the band gap and PL of Si-QDs by choosing
other non-local functional as the exchange correlation is in progress.
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1. Introduction

The discovery of strong luminescence at room temperature from silicon cluster has attracted
an enormous attention in recent years due to its potential applications in Si-based
optoelectronic devices, especially blue and UV luminescence devices. Several studies have
addressed the question of augmentation and stabilization of luminescence emission with
different treatments, such as electron irradiation, thermal treatments and ion implantations.
Even though observed visible light can be explained by the quantum confinement (QC)
effect, many experimental results obey to the QC model supported surface state.
Theoretically, the effects of quantum confinement on band gap of silicon indicate that it
should be possible to obtain a blue light or shorter wavelength photons from the porous
silicon if the silicon crystal size can be reduced to a certain value, e.g. to the diameter of 2-5
nm. However, it is rather difficult in practice to obtain a blue/white luminescence even
when nanocrystals with diameters smaller than 2.0 nm are present. Some authors attributed
this difficulty to the formation of surface Si-O bonds, which lead to mid-band gap trapped
electrons and hole exciton states and thereby remove the dependency of the luminescence
on cluster size. But in this case a luminescence emission was obtained in the red and yellow
regions. It was found that some post-treatments such as anodic oxidation and oxidation in
air could reduce the effective size of the Si nanocrystallites, thus causing a blue shift of the
luminescence spectrum. If the red-yellow emission of the PS could be combined with a
blue/green emission by modification of the PS surface such as oxidation or metal coating, it
would be possible to obtain white light. This would mean an economical route to silicon
based LEDs. Silicon dioxide, SiO», is widely distributed in the environment, and is present
in the form of sand on all beaches and deserts. It is the starting material for the production
of silicate glasses and ceramics. It may occur in crystalline or amorphous form, and is found
naturally in impure forms such as sandstone, silica sand or quartz. Its specific gravity and
melting point depend on the crystalline structure. Silica is known to occur in many
crystalline phases or modes (a-quartz, B-quartz, a-cristobalite, B-cristobalite, a-tridymite, -
tridymite, y-tridymite, coesite, melanophlogopite, keatite, fasriges, stishovite, chalcedon,
agate, moganite, and others) besides some amorphous phases (opal, hyalite, sintered pear],
lechateierite, natural silica glass) [Fanderlik 1991]. Silicon dioxide is not only one of the most
abundant materials on earth as mentioned, but also a critical material component of
considerable technological importance. Today's modern electronics greatly depends on
silicon dioxide for the manufacture of semiconductors and microelectronic devices, besides
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it is the basic material of which the most of common communication optical fibers are
presently made. In its pure amorphous form, it is drawn into fibers for use in optical
communications. Its high melting temperature (*1700 °C) and its chemical stability make it
an excellent thermal and electrical insulator and hence the principal dielectric in silicon
electronic technology, particularly in metal-oxide-semiconductor (MOS) devices [Nicollian
and Brews 2002], where it is used as a gate oxide. High quality SiO; films are obtained by
thermal oxidation of silicon; thermally oxidized SiO. forms smooth and low-defect
interfaces with Si.

From a fundamental point of view, silicon dioxide is equally useful as a model amorphous
material because of its chemical simplicity. It is not surprising that much research effort has
been expended to understand the properties of this material. Despite hundreds of
publications available, only in a few cases have an unequivocal identification of the atomic
structure of the defects and an explanation of their production mechanisms been attained
[Griscom 1977, Skuja 1998]. Most of the available information comes from theoretical models
and other experimental investigations of naturally or synthetically prepared specimens, but
many questions still remain unsolved. Accordingly, many of the optical features
characterizing the as-grown material (that is the material prior to any treatment) are not
attributable to a specific defect having a known structure. Also, the identification of the
precursor of radiation-induced defects and the exact mechanism of their generation are still
debated. As the number of device components on a chip continues to increase, where the
performance and reliability of these devices are controlled by electrically active defects, the
precise control of oxidation and its understanding on an atomic scale of silica has been a
subject of great interest and importance in the modern Si technologies, especially those
related to thin oxidize layers with high quality. It has been observed that irradiation,
mechanical stress, temperature change and the presence of impurities can effect the
formation of defects and/or the transformation of existing defects to other defects in SiO»
[Mitchell and Denure 1973, Trukhin et al. 1998, Fitting et al. 2004]. Irradiation of SiO»
induces various types of structural defects, which cause degradation in SiO>-based
electronic and optical devices. Charge trapping at these defect sites degrades the
current/voltage performance of metal-oxide semiconductor (MOS) devices, for example,
and ultimately leads to device failure when such a device is exposed to high-energy
radiation in space-based applications. Such and other problems are caused or at least
initiated by the creation or transformation of luminescent point defects. Therefore a physical
understanding of the structure and formation mechanisms of these defects is becoming
increasingly important. But because of the nature of the chemical bond in silicon dioxide, a
reliable guess of the detailed structure of particular luminescent defects has not been
possible until now. A point defect embedded in a solid matrix (crystal or amorphous) is
strongly interacting with its neighboring atoms. Then the study of the electronic states of the
luminescent defects is a many-body particles system problem.

A half century of spectroscopy examinations of point defects in crystalline and glassy silica
have led to identification and characterization of about a dozen intrinsic defect types (those
constructed of silicon and/or oxygen atoms or ions) and around ten times as many defect
varieties involving the presence of impurities. Luminescent defects in SiO» could be
electrically charged or uncharged, diamagnetic or paramagnetic. Many such defects have
been associated with optical absorption or emission bands, which may pose problems for
long-path-length optical systems (fiber optics). Luminescent defects in amorphous silicon
dioxide (a-SiO;) have been defect investigated by numerous spectroscopic techniques,
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including optical absorption spectroscopy (OA), electron spin resonance (ESR) or the often
so-called electron paramagnetic resonance (EPR), photoluminescence spectroscopy (PL),
photoluminescence excitation spectroscopy (PLE), cathodoluminescence spectroscopy (CL),
infrared spectroscopy (IR), Raman spectroscopy and many more. All of these experimental
approaches have yielded valuable insights, but have not given an explicit model for defect
types in silica network. ESR spectra have afforded some detailed atomic-scale structure
characterizations, especially of two fundamental classes of defects: a dangling electron on Si
atom denoted by E” -center and the oxygen deficient center (ODC). These defects have been
known in a-SiO; since 1956 [Weeks 1956].

2. Structures, defects and properties of silicon dioxide

2.1 Structure of pure silicon dioxide

The basic structural unit of vitreous SiO, and silicate glasses is the SiO, tetrahedron [Mozzi
and Warren 1969, Bell and Dean 1972, Gerber and Himmel 1986]. A tetrahedron is a
polyhedron composed of four triangular faces, three of which meet at each vertex. A regular
tetrahedron is one in which the four triangles are regular, or "equilateral," and is one of the
platonic solids (convex polyhedron). There are four oxygen atoms, one located at each apex
of a regular tetrahedron and a single silicon atom is located at the center of the tetrahedron,
Fig. 2.1. This silicon atom has a valence charge of 4 in sp? orbitals, meaning that it is looking
to acquire four electrons through sharing with other atoms to complete its outermost energy
shell, known as the valence shell. An oxygen atom has two electrons in its outermost shell
that are available to bond with the silicon atom. If four oxygen atoms surround one silicon
atom, where each oxygen atom offers one electron, then the silicon atom's outermost shell
will be complete and stable. The resulting arrangement comprises a silicate molecule. One
electron remains, allowing those oxygen atoms to search for another silicon atom to share an
electron and form another tetrahedron. Tetrahedrons are linked together through oxygen
bonds and the arrangement of these links between the basic tetrahedral units determines the
classification of the silicate. When the tetrahedra are not linked together, as each exists in
isolation, the material is classified as a Nesosilicate. If groups of two tetrahedra are linked
together, the material is then classified as a Sorosilicate. If all of the tetrahedra link back onto
each other to form a closed ring, then the material becomes a Cyclosilicate.

Lo}

Fig. 2.1 Three-dimensional schematic of a pure fragment of the regular silica structure. The
structure is defined by several parameters; the Si-O bond length (d), the tetrahedral angle
(¢), the inter-tetrahedral bond angle (a), and the bond torsion angles (81, &), [Henderson
and Baker 2002].
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The bonding in silicon dioxide is complex. The Si-O bond energy is very high (4.5 eV)
compared to the Si-Si bond (2.3 eV) and has an approximately 50:50 ionic:covalent nature
and lone-pair oxygen orbitals are present [Fanderlik 1991, Edwards et al. 2000]. The
covalency favors tetrahedral coordination of Si by O and maintains the O-Si—O bond angle
(o) very close to the ideal tetrahedral angle of 109.5°. Some of the literature indicates that the
Si-O bond length (d) in various modifications of silicates may vary in the range of 0.154 nm
to 0.169 nm [Slater 1965, Weber and Cromer 1965], while the mean value specified for d is
0.16240.005 nm. In most cases one can treat the SiO, tetrahedra as rigid units, which can be
linked together by their corners to form pairs, rings, chains, sheets, or frameworks. In this
case the inter-tetrahedral Si-O-S5i bond angle (a) can be defined. Measurements have been
shown that the angle (a) varies with the different tetrahedra of the polyhedron, according to
respective form of silicas (for vitreous SiO; from 120° to 180° and for quartz between 146°
and 155°) [Fanderlik 1991, Nicholas et al. 1991].

Fig. 2.2 shows how the energy of a Si;Oy pair of tetrahedra varies as a function of Si—O bond
length and the Si-O-5i bond angle [van Santen et al. 1991]. It is demonstrating that Si—-O-Si
bonds prefer to be linked rather than straight. However, the gently-sloping energy valley
extending to 180°, which implies large variations in Si-O-Si bond angle (a) could occur in a
structure with relatively slight energy penalty in order to accommodate changes in
temperature, pressure, bulk composition, or local atomic environment. Silica does not
produce any separate molecules (O=Si=O) because double bonds do not form. The
parameters, such as the inter-tetrahedral bond angle (a) and the bond torsion angles (61, 62),
that define the way in which individual tetrahedra are linked together are highly variable
[Mozzi and Warren 1969]. This variation in parameters distinguishes a glass from its
corresponding crystalline analogue. To avoid the formation of a structural entity with an
unsaturated electron cloud at the silicon atom in the case of a single bond, the [SiO4}4
tetrahedra join to produce a polymer with various spatial arrangements. As a result of the
alternative possibilities of structural arrangement, there exist a number of modifications of
crystalline silica. In other words, the different types of silicate structure arise from the ways
in which these tetrahedra are arranged. They may exist as separate unlinked entities, as
linked finite arrays, as infinite one-dimensional chains, as infinite two-dimensional sheets or
as infinite three-dimensional networks.

2.2 Intrinsic defects in silicon dioxide

The presence of defects in the silica matrix can dramatically change its structural, electrical,
and optical properties. Many parameters, such as manufacturing processes, irradiation,
mechanical stress, change of temperature, and the presence of impurities may cause the
formation of defects and/or lead to the transformation of the existing defects to other types
of defect. Commonly, defects can be grouped according to their structure and size as point
defects, dislocations (linear defects), and plane defects [Stevens-Kalceff and Philips 1995,
Kofstad 1988]. The following types of point defects can be considered as intrinsic or
extrinsic. Intrinsic point defects involve atoms of the host matrix only, i.e. vacancies (the
host atoms are missing, Schottky defects or Frenkel pairs) and self-interstitials (additional
host atoms at an interstitial position). Extrinsic point defects involve atoms chemically
different from the host crystal, such as those used for electrical doping. Defects in a perfect
silica glass could include oxygen or silicon vacancies and their interstitials, Si-Si or O-O
homobonds or under-coordinated silicons or oxygens.
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Fig. 2.2 Total energy as a function of Si—O bond length and Si-O-Si bond angle. Contour
lines in units of kJ/mol, [van Santen et al. 1991].

Due to the high Si—O bond energy (4.5 eV), the crystalline quartz is resistant to chemical
weathering (it is only soluble in hydrofluoric acid and in hot alkalis) and to corrosion
[Lamkin et al. 1992, Lide 2004]. It is hard (Mohs' hardness 7), brittle, and has a very high
melting point at around 1710°C [Lide 2004]. Due to its wide energy band gap of about 9 eV,
it is optically transparent and shows low electrical conductivity [Fan et al. 1998].

Generally, a homobond is electrostatically neutral although both Si—Si and O—O bonds may
become positively charged by trapping holes. Irrespective of their electrical charges, defects
can be divided into two classes: diamagnetic and paramagnetic. As a general role, all stable
paramagnetic defects have optical absorption bands associated with them, since they
represent half-occupied energy transitions to the valence band and electron transitions to
the conduction band are both possible. Diamagnetic defects may have absorption bands
associated with electron transitions to the conduction band. The confirmed examples of
diamagnetic defects in a-S5iO; have electron absorption bands in the ultraviolet or vacuum
ultraviolet spectral regions, implying that the uppermost filled levels of these states lie
below the middle of the 9 eV band gap [Griscom 1977].

A variety of defect structures are known to exist in silica materials and were one of the
major subjects of extensive experimental and theoretical studies [Stevens-Kalceff 2000, Song
et al. 2001, Lu et al. 2002]. Many aspects regarding the nature of the defects and their
correlated properties are still controversial and not yet completely understood. Quite a lot of
defect types have been discussed in the literature and many reproduction models have been
proposed for each one. In this part we will review the main defects in the silica network but
whether any of these models is correct remains an open question of considerable interest.

2.2.1 E’-center

Probably the best known paramagnetic defect in all forms of SiO; is the E ~center which was
first detected in late fifties using electron paramagnetic resonance (EPR) spectroscopy
[Weeks 1956, Weeks and Nelson 1960, Griscom et al. 1974, Gobsch et al. 1978]. It is
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associated with the 5.85 eV absorption band in quartz and silica glass and no associated
emission band has been observed where its nonradiative mechanism has been reported by
some authors [Pacchioni et al. 1998a , Kajihara K. et al. 2003]. From studies of the hyperfine
structure in the EPR spectrum it is known that E -center can comprise an unpaired electron
in a dangling tetrahedral (sp3) orbital of a single silicon atom which is bonded to just three
oxygens in the glass network [Griscom 1979a, Isoya et al. 1981]. This generic E -center is
shown in Fig. 2.3, which is often denoted by =Sie, where the three parallel lines represent
three oxygen separate bonds to one silicon atom and the dot denotes the unpaired electron.

e ﬁ.g .
Fig. 2.3 Generic E’-center. The large atom is silicon, the smaller ones are oxygens

Previous EPR studies on irradiated 4-S5iO, have demonstrated that there are several
distinguishable variants of the E’-center in terms of their g values but in common all have
the structure =Sie [Griscom 1990a]. These E -center variants are also distinguished by virtue
of different annealing kinetics depending on both the character of the irradiation and the
water contents in dry or wet oxidized SiO,, as shown in Fig. 2.4 [Griscom et al. 1983,
Griscom 1984, Griscom 1985].

Four main types of E -centers, labeled E’y, E%, E'yand E’s have been identified in vitreous
silica depending on their spectroscopic signatures [Skuja 1998]. Several models have been
suggested based on different precursors for each of these defects where some of these types
are associated with hydrogen atoms. Optically stimulated electron emission technique
(OSEE) shows that each one of these types of E-centers has a distinguishable absorption
band in the range of 5.7 eV [Zatsepin et al. 2000], see Fig. 2.5.
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Fig. 2.4 Normalized isochronal anneal curves for radiation-induced defect centers (E’,
NBOHC and peroxy radical) in high-purity silica (low-OH silica: <5 ppm OH and high-OH
silica: 1200 ppm OH), [Griscom 1984].
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Fig. 2.5 OSEE spectra of glassy SiO; irradiated by Fe* ions of two different energies, 30 and
100 keV, the absorption bands of E’s, E*y and E ‘s-centers are detected, besides a very weak
absorption band associated with oxygen deficient centers (ODC), [Zatsepin et al. 2000].

It was inferred that the E*; variant in silica initially observed by Griscom [Griscom 1984], is
a defect which tends to anneal in times on the order of minutes up to hours above 100 K. It
was suggested that this center is created by a radiolytic process which moves an oxygen
atom from an undisturbed network site =5i—O-Si=) into a neighboring position which must
be chemically bonded, since insufficient energy can be transferred from an X-ray generated
compton electron to result in a net breakage of bonds [Uchino et al. 2001]. Fig. 2.6 illustrates
one of the conceivable ways in which such a process could come about. The oxygen-oxygen
(peroxyl =Si-O-0) bond suggested to be formed in Fig. 2.6 should be a relatively stable
entity according to recent theoretical calculations [Griscom 1979a]. Still, less exotic
mechanisms for E’; production, not inconsistent with the data, might be the momentary
rupture of strained oxygen bonds =Si--O-Si=). Here #O-Si= is the notation for the non-
bridging oxygen hole center (NBOHC), and is in fact seen by electron spin resonance (ESP)
in X-ray irradiated silicas in numbers comparable to the E ‘c-center.
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Fig. 2.6 Schematic models for the E’;-center in pure a4-SiO», the arrow denotes the unpaired
spin and dashed balloons represent their orbital.

E in silica network (E in quartz) features a proton trapped in the oxygen vacancy and the
silicon atom containing the unpaired spin relaxed outwards [Griscom 1991, Weeks 1963], i.e.
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the interaction of the unpaired spin associated with a long-bond silicon with the hydrogen
atom is weak enough to not saturate each other. Two possible formation reactions of E s are
shown in Fig. 2.7.
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Fig. 2.7 Schematic models for the E p-center in pure a-SiO,. The arrow denotes the unpaired
spin and dashed balloons represent their orbital. The E p-center is considered to be the
closest analog for E >-center in quartz.

E’,—center is the closest analog of the E j-center in a-quartz [Griscom 1980, Boero et al. 1997].
According to current theoretical calculations [Feigl et al. 1974, Yip and Fowler 1975,
Mysovsky et al. 2004], E'y is suggested to consist of a positively charged single oxygen
vacancy composed of a nearly planar =Si* unit and a singly occupied dangling bond =Sie,
namely, =Si+ eSi= [Uchino et al. 2000b, Agnello et al. 2002]. An unrelaxed oxygen
monovacancy (=5i - Si=) or an unperturbed SiO; fragment (=5i—O-Si=) is assumed to be the
precursor of this defect as shown in Fig. 2.8. There is no indication that hydrogen is involved
in this defect [Feigl et al. 1974]. E'| is stable for years at room temperature [Griscom 1984].
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Fig. 2.8 Schematic models for the E y-center in pure a-SiO,. The arrow denotes the unpaired
spin and dashed balloons represent their orbital. The E',-center is considered to be the
closest analog for E j-center in quartz.

Relaxing of the Si atom with the unpaired spin towards oxygen vacancy results in the E -
center. It is in fact the most reliably characterized of these defects depending on the
experimental and theoretical analysis [Isoya et al. 1981]. E’s-center consists of a hydrogen
substituting for an oxygen atom in a-quartz [Mysovsky et al. 2004]. This center, Fig. 2.9, is
observed in crystalline silicon dioxide (a-quartz) but there is no evidence of existence of E -
center in silica glass [Griscom and Friebele 1986]. Some other authors [Rudra et al. 1985,
Majid and Miyagawa 1993, Snyder and Fowler 1993] suggested that the E% and E’ are in
fact the same defect, but with long-bond silicon relaxed through the plane of its three
oxygen neighbors such that the unpaired spin points away from the vacancy. But this
configuration is predicted to be slightly lower in energy than the E’ configuration. In
surface center studies, several variants of surface E’-centers were found [Bobyshev and
Radtsig 1988]. Two of them are depicted in Fig. 2.10, E"s(1) which seems like the normal E’-
center but with a constant isotropic hyperfine splitting, and the second is E s(2) which has a
dangling silicon bond with a neighboring hydroxyl (OH) group [Skuja 1998].
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Fig. 2.9 Schematic model for E;-center in crystalline SiO,. The arrow denotes the unpaired
spin which interacts with a hydrogen atom to relax the oxygen vacancy by forming Si—Si
bond.
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Fig. 2.10 Schematic models for surface E -center (Es) in pure a-SiO». The arrow denotes the

unpaired spin and dashed balloons present their orbital. Hydrogen saturates the dangling
oxygen bond

2.2.2 Oxygen-deficiency center (ODC)

It should be mentioned first that all E -center types are also considered as oxygen deficiency
centers but in this subsection a review of a different (non-paramagnetic) kind of oxygen
deficiency center will be given. This defect center is entitled simply by a neutral oxygen
vacancy which is often denoted ODC and indicated generally as =Si-Si=.
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Fig. 2.11 Schematic illustration of the transformation between ODC(I) and ODC(II)
visualizing two possible models for the ODC(II), the unrelaxed oxygen vacancy and the
twofold coordinated silicon.

It is diamagnetic and can be directly investigated by photoluminescence (PL) or
cathodoluminescence (CL) spectroscopy. The literature mostly describes two models for the
ODCs: neutral oxygen vacancy ODC(I) and the twofold coordinated silicon ODC(II)
denoted as =Siee. The ODC(I) represents one of the essential defects in all silicon dioxide
modifications in a form of simple oxygen vacancies; here two Si atoms could relax and make
a silicon silicon bonding (relaxed oxygen vacancy =Si-Si=) or stay in unstable interaction
condition and form an unrelaxed oxygen vacancy (=Si---Si=) which each one of them could
be a precursor for the other under some undeclared circumstances, see Fig. 2.11, and both
are considered as a key role in many defect-type generations and transformations in the
silica matrix, as shown in Figs. 2.7 and 2.8. The 7.6 eV absorption band in irradiated and as
grown a-5i0; has been ascribed to the neutral oxygen vacancy ODC(I) [Imai et. al 1988,
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Hosono et al. 1991]. The ODC(I) can also be converted to =Si—-H groups in thermal reaction
with hydrogen molecules according to the visualized reaction shown in Fig. 2.12.
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Fig. 2.12 Schematic illustration of the ODC(I) conversion to silanol groups in thermal
reaction with hydrogen molecules.

In addition, two photoluminescence (PL) bands, 4.4 eV (decay constant =4 ns) and 2.7 eV
(decay constant 7=10.4 ms) have been observed under excitation of the 5 eV, 6.9 eV or 7.6 eV
bands, indicating the interaction of ODC(II) with ODC(I) [Nishikawa et al. 1994, Seol et al.
1996]. Based on their lifetimes, the 4.4 eV and 2.7 eV bands have been ascribed to singlet-
singlet (S1—S,) and triplet-singlet (T1—S,) transitions at the site of oxygen-deficient type
defects, respectively [Skuja 1998]. The interconversion between the ODC(I) and ODC(II) in an
energy diagram is given in Fig. 2.13. The origin of ODC(II) associated with the optical
absorption band at ~5 eV is one of the most controversial issues in the defect research field of
a-SiO2 [Skuja et al. 1984, Griscom 1991, Skuja 1992a, Skuja 1998]. The first model hypothesis
suggested for ODC(II) was a neutral diamagnetic oxygen vacancy [Arnold 1973], later two
other models have been proposed for ODC(II): twofold coordinated silicon [Skuja et al. 1984,
Skuja 1992a] and the unrelaxed oxygen vacancy [Imai et al. 1988] as shown in Fig. 2.11.

The oxygen vacancy model was further supported by the finding that two-photon
photobleaching of SIODC(II) by KrF laser (7o=5 eV) generates E -centers [Imai et al. 1988].
But the origin of the ODC(II) is still a matter of controversy.
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Fig. 2.13 Diagram of the energy levels proposed for the optical transitions at the site of two
oxygen-deficient centers: ODC(I) and ODC(II). Transformation between the two states is
assumed by the excitation at 7.6 eV. Solid and dotted arrows represent radiative and non-
radiative electronic transitions, respectively. AE, is the thermal activation energy for
singlet-triplet conversion, T are the radiative decay times, [Skuja 1998 and Nishikawa 2001].
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2.2.3 The non-bridging oxygen hole center (NBOHC)

This center can be visualized as the oxygen part of a broken bond (Figs. 2.6 and 2.15). It is
electrically neutral and paramagnetic and represents the simplest elementary oxygen-
related intrinsic defect in silica. It is well characterized both by EPR and by optical
spectroscopies like photoluminescence (PL) and cathodeluminescence (CL).

The main optical characteristics of NBOHC are shown in Fig. 2.14, it has an absorption band
at 4.8 eV with FWHM=1.07 eV, oscillator strength f=0.05; an asymmetric absorption band at
1.97 eV, FWHM=0.17 eV, f=1.5x104 a photoluminescence band excited in these two
absorption bands, at 1.91 eV , FWHM=0.17 eV, decay constant around 20 ps. Out of these
three characteristics, the most unique fingerprint of this center is the 1.9 eV luminescent
band in the red region of the visible light spectra.

It has been postulated that the NBOHC arises when hydrogen atoms are liberated
radiolytically from one member of a pair of OH groups in wet silica (high OH group)
according to Fig.2.15 [Stapelbrok et al. 1979].
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Fig. 2.14 Optical absorption and luminescence spectra of y-irradiated wet silica illustrating
the main optical properties of NBOHC: the absorption/excitation bands at 4.8 eV and 1.97
eV, and the photoluminescence band at 1.9 eV, [Pacchioni et al. 2000].
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Fig. 2.15 A model of atomic structure of the non-bridging oxygen hole center (NBOHC)
showing the possible generating processes of NBOHC in wet silica.
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Fig. 2.16 Energy band diagram of different NBOHC energy states, [Munekuni et al. 1990].

However this reaction is not the only way of creating NBOHC. Oxygen dangling bonds may
be created as well in wet and in dry silica (negligible amounts of OH groups) by rupturing
of the strained Si—O bonds (=Si---O-Si=) in the silica network (Fig. 2.6). Particularly there are
no spectroscopic distinctions which have been established between the centers formed by
these two precursors, but on the other hand some authors [Munekuni et al. 1990] proposed
some differences in their emission energies, see Fig. 2.16.

If softer irradiation (X-ray) was used, the centers were created only in groups of Si—-O-R (R:
alkali ion). This behavior provides evidence that the centers are created in reactions similar
to that visualized in Fig. 2.15, and they were attributed to NBOHC [Skuja 1994a, Skuja et al.
2006]. On silica surfaces, the same red luminescence band can be created by adding O atoms
to surface E -centers [Streletsky et al. 1982]. Another generic oxygen hole center is the self-
trapped hole (STH), which exists in two different variants. STH; comprises a hole trapped
on a normal bridging oxygen in the network (=5i-°O-Si=), while the STHo is suggested to
consist of a hole delocalized over two bridging oxygens [Griscom 1991, Griscom 2000].

2.2.4 Peroxy bridge (POL)

In oxygen-excess silica, some of the excess oxygen is expected to form "wrong" oxygen-
oxygen bonds, called peroxy bridges or peroxy linkages (=5i-O—-0O-Si=). Calculations of
atomic oxygen diffusion in SiO, suggested that POL structure is the lowest energy
configuration for an oxygen interstitial [O"Reilly and Robertson 1983]. However, a definitive
spectroscopic confirmation of their presence in silica is still absent. The experimental
evidence is only indirect, but it is thought to be responsible for the exclusive (without the
accompanying Si—H groups) generation of Si—-OH groups during H» treatment of oxygen
rich silica [Imai et al. 1987], as shown in Fig. 2.17. This reaction is accompanied by an
increase of VUV optical absorption for hv>7 eV indicating that the POL could possibly
absorb in this region. POL was initially suggested to be the main precursor of peroxy radical
defects, Fig. 2.18, as we will show in the following subsection [Friebele et al. 1979]. The
calculation put the energy of the POL absorption band at around 6.4-6.8 eV with a small
oscillator strength, f=2x10- [Pacchioni and Ierano 1998b], such absorption would be hard to
detect against the background of other bands in vacuum UV.

2.2.5 Peroxy radical (POR)

The Peroxy radical (POR) in silica is a paramagnetic defect with a hole delocalized over anti-
bonding s-type orbitals of the O—-O bond in the structure illustrated in Figs. 2.17 and 2.18.
EPR spectroscopy shows that the POR is the best characterized oxygen excess defect in silica
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Fig. 2.17 Models presenting the suggested atomic structure of a peroxy bridge (POL) and its
role in producing other possible defects in silica matrix.
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Fig. 2.18 Models presenting some possible generation modes for the peroxy radical (POR)
structure in the silica matrix.

[Griscom 1991, Friebele et al. 1979]. However, the optical properties of POR in bulk silica are
not accurately known. Good correlations between the isochronal annealing curves of EPR
signals of POR and of the optical absorption band at 7.7 eV were reported in y-irradiated
dry silica [Stapelbroek et al. 1979]. The optical absorption spectrum observed for peroxy
radicals on the surface of SiO; by the diffuse reflectance technique in the region around
5.4 eV with FWHM 1.3 eV and oscillator strength f~0.067 was calculated [Bobyshev and
Radtsig 1988].

2.2.6 The self-trapped exciton (STE)

The electronic excitation of solids produces mainly electrons, holes and excitons.
Transient (short living) defects can be created through the combination of the electronic
excitation energy of electron-hole pairs and electron-phonon interaction. The conversion
of excitation to defects is initiated by self-trapping of excitons, by the trapping of electrons
by self-trapped holes or by the consecutive trapping of an electron and hole by a defect.
These transient defects can produce either radiative or non-radiative electronic transition,
while non-luminescent transient defects disappear by recombination of defect pairs. Self-
trapping is a widespread phenomenon in insulators [Hayes and Stoneham 1985, Song and
Williams 1993].

The existence of the self-trapped excitons in crystalline SiO; is supported by experimental
measurements of the optically detected magnetic resonance and transient volume change
[Itoh et al. 1988]. The luminescence bands between 2 and 3 eV in the silica spectrum have
been ascribed to the STE. Some authors suggested that the STE is the source of the
characteristic blue luminescence in crystalline SiO,, but it has been observed that this
luminescence band is removed in quartz by intense electron irradiation (15 keV) at room
temperature due to the electron hole recombination as shown in Fig. 2.19 [Griscom 1979b,
Trukhin 1978, Trukhin 1980, Barfels 2001]. Almost the same luminescence band can be
detected in the emission spectra of amorphous SiO; but with much lower intensities than the
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other characteristic bands. STE perturbed by small distortions due to a structural defect give
emissions in the same energy range. For example, Ge implanted quartz exhibits a
luminescence band at 2.5 eV close to 2.8 eV in non-implanted quartz [Hayes and Jenkin
1988]. The excitation spectra for STE luminescence in a-quartz show a peak at 8.7 eV, which
is ascribed to the first exciton peak. The absorption edge has been determined as 9.3 eV [Itoh
et al. 1989], so the exciton binding energy is about 0.6 eV for a-quartz [Bosio and Czaja
1993]. The large energy difference between the band edge absorption (about 9 eV) and
luminescence (2.8 eV) points to strong electron-photon coupling. The optical absorption
spectra and the excitation spectra for fused silica are similar to those of a-quartz but exhibit
modifications due to the amorphous structure [Trukhin 1992].
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Fig. 2.19 CL-spectra of some crystalline SiO; (Quartz and Stishovite) at 290 K and 80 K,
[Barfels 2001].

Meanwhile, several models have been proposed implying to clarify the STE. One of the first
models considering that an oxygen atom will removed to a peroxy bridge position [Griscom
1979a, Griscom 1979b] and other models are based on the proposition that a threefold
coordinated silicon explains the transient absorption at 5.2 eV (E™-center) [Trukhin 1992,
Trukhin 1994], see Fig.2.20. All of these suggested models are based on the idea that the
silicon-oxygen bond (Si—O) gets ruptured and forms an oxygen-oxygen bond (-O-O-)
based on the fact that different local structures of the SiO, network provide different
distances for oxygen-oxygen bonding. Each oxygen atom bonded to two silicon atoms by
two types of Si-O bond, one by long bond ~1.612 A and another by short bond ~1.607 A, as
shown in Fig. 2.20 by dashed and solid bond connections [Hayes et al. 1984, Trukhin 1994].
These models explain different STE luminescence properties of different structures.
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Fig. 2.20 Models of self-trapped exciton (STE) showing a creation of oxygen vacancy, E -
center and peroxy bridge due to the decay of a STE associated with an excited Si—O bond in
crystalline SiO».
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2.2.7 Interstitial oxygen

Mostly all variants of manufactured high-purity dry SiO; contain natural interstitial oxygen
atoms and an additional amount can be generated by ejecting oxygen atoms from their
normal sites in the SiO; network during the irradiation. Another important point that has to
be considered is the molecular oxygen. Principally O, molecules can be formed
in irradiation processes from the already present oxygen atoms [Morimoto et al. 1992].
The first spectroscopic observation of O, molecules in silica was performed by Raman
spectroscopy in optical fibers [Carvalho et al. 1985]. O, was detected by O-O stretching
vibration at wavenumber 1549 cm. Using this method the O, molecule concentration
is found to be in the range of 104-10'8 molecules per cm3 in dry silicon dioxide [Skuja
et al. 1998a].

In gas phase, oxygen molecules (O) dissolved to two atomic oxygen (20) for hv>5.1 eV
(A<242 nm); the same can be expected to occur in silica glass following the photolytic
reaction shown in Fig. 2.21. The atomic oxygens appearing as a result of this reaction might
be expected to be relatively mobile in silica even at room temperature; then they interact
with other oxygen molecules to form ozone (Os) just as it occurs in the earth's atmosphere
[Baulch et al. 1980, Finlayson-Pitts and Pitts 1986]. There are indications that the atomic
oxygen becomes mobile at around 400 °C as detected by formation of the interstitial oxygen
molecules at this temperature [Skuja et al. 2002, Kajihara et al. 2004]. Depending on the
quantum yield for the gas-phase reaction of ozone dissociation, it is believed that Os
molecules are responsible for both the 4.8 eV absorption and 1.9 eV luminescence in certain
oxygen-rich silicas [Awazu and Kawazoe 1990, Griscom 1991, Skuja et al. 1995], which
usually are attributed to the NBOHC by many authors [Kajihara et al. 2001, Cannas and
Gelardi 2004, Bakos et al. 2004b]. The 1.9 eV luminescence band shifts between 1.8 and 2 eV
depending on the excitation wavelength within the 2 eV absorption band [Skuja et al. 1995].
Other bands of possibly related origin have been observed in the 2.0-2.5 eV regions
[Munekuni et al. 1990, Skuja 1994a]. O ; and O 3 can be other candidates for the 1.8 eV band
but the only truly unanimously agreed point is that the 1.8 eV luminescence band is related
to excess oxygen in silica [Skuja et al. 1995].

Although the amount of interstitial O, O, and O3 can be negligible in comparison with the
whole oxygen content in a silica network, the presence of these interstitial atoms or
fragments has to be considered when analyzing a large amount of accumulated defects in
the silica matrix.
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Fig. 2.21 Main interstitial atomic and molecular oxygen as well as ozone model in SiO».

2.2.8 Hydrogen-related defects and the state of water in SiO;

Hydrogen in the form of steam has been used intentionally during thermal oxidation to
increase oxidation rates. Very often it is also incorporated unintentionally into SiO; layers.
Hydrogen is proposed to passivate the silicon or oxygen dangling bonds in SiO, network
[Cartier et al. 1993, Fair 1997]. This passivation also decreases the number of non-bridging
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oxygens which in turn reduces the viscosity of the silica layers substantially [Rafferty 1989].

Some authors considered hydrogen to be an intrinsic defect since it is commonly found in

silicon dioxide. Hydrogen and water are ubiquitous impurities in SiO». The energy levels of
silanol (=Si—O-H) and hydride (=Si-H) groups have been calculated by tight-binding
calculation [Robertson 1988]. The hydride groups seem to produce a filled s state just below
the valence band (VB) and an empty ¢" state in the gap just below the conduction band (CB).
This group is probably both an electron and a hole trap.

Hydride groups are expected in thermally grown silica, particularly near the interface due
to the interaction of interstitial H> molecules with Si—O-Si bridges. The H, is a byproduct of

the fast oxidation of Si by any ambient water.
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Fig. 2.22 A model of the structural state of water in SiO, network and its transformation to
silanol groups, [Brunner et al. 1961, Bakos et al. 2004a].
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Fig. 2.23 A model of the structural state of water in SiO; lattice and its formation, [Nuttall
and Weil 1980, McLaren et al. 1983].
It is proposed that water can be incorporated into the SiO; lattice according to the reaction
illustrated in Fig. 2.22 [Brunner et al. 1961, Bakos et al. 2004a]. This is a preferred stress-
induced mechanism and referred to "as hydrolytic weakening" [Griggs and Blacic 1965,
Griggs 1967]. Calculations of total energy indicate that this reaction which uses an energy
of ~0.1 eV is spontaneous for a Si-O bond stretched beyond 4% of its normal bond length
[Heggie 1992]. It has also been suggested that the solubility of water in the quartz lattice

depends on the aluminum content [Kronenberg et al. 1986].
Another possible configuration shown in Fig. 2.23, assumes that hydrogen is incorporated in
the quartz structure by means of (4H)Si defects where 4H* substitutes for Si4* [Nuttall and

Weil 1980, McLaren et al. 1983].

3. Fundamental of cathodoluminescence

3.1 Electron beam interaction with matter
When an electron hits a solid surface, it penetrates into the microstructure of the solid and

interacts with its atoms. The resulting effects allow the extraction of analytical information
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Fig. 3.1 Schematic representation of processes resulting from electron bombardment
(modified after Reimer 1998). Note that the emissions come from different depths, e.g. CL
and X-rays are emitted from deeper section levels than the secondary electrons.

on various properties of the material. The elementary interaction process involves collision
of the electron with an atom, either with the positive atomic nucleus or with the electrons.
Since the colliding particles are charged, the interaction is governed essentially by
electrostatic Coulomb force. In an electron-nucleus collision, the atomic nucleus hardly
changes its position since it is much heavier than the electron. The electron is therefore
deflected at the nucleus without significant energy loss (elastic scattering). If the electron
collides with the electrons of the atomic shells, then energy is transferred due to the equal
masses of the colliding particles (inelastic interaction). Both scattering processes operate
simultaneously side by side and provide a wide variety of useful signals. As a consequence
of these different scattering events, an electron probe which originally was sharply focused
in vacuum spreads over a greater volume after penetrating the solid. The shape and size of
this scattering volume depends upon the material as well as the energy and angle of
incidence of the probe electrons [Reimer 1998].

The elastic interactions between electrons and atoms or between electrons and the crystal
lattice gives rise to a number of effects; the emission of secondary electrons (SE), back-
scattering of electrons (BE), Auger electrons (AE), characteristic X-ray (EDX) and
cathodoluminescence emission (CL) but mainly most of the electron beam's energy will be
absorbed (sample current) and converted into heat (phonons) [Ozawa 1990]. AEs and more
generally SEs can only escape from the first few nanometers of the surface. This means that
these signals originate from the top of the interaction volume, the lateral size of which is
determined by the electron probe size which in turn defines the spatial resolution in AES
and SEM. Backscattered electrons are higher in energy and can escape from deeper areas
below the surface where the interaction volume is wider laterally, this results in a degraded
image resolution for backscattered electron imaging in the SEM relative to that of secondary
electron imaging [Reimer 1998]. Analyzing these signals may provide valuable information
about the surface and atomic structure of the investigated substance. Two of these signals
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Fig. 3.2 Energy band diagram of one-dimensional lattice, [Yacobi and Holt 1990].

were among our main interest in this study, CL for luminescence defects investigation and
EDX used for the atomic element component analysis. Fig. 3.1 illustrates schematically these
effects and their major common applications.

The term cathodoluminescence (CL) designates the luminescence induced by energetic
electron bombardment. Cathodoluminescence is excited from the region near the surface of
the specimen and up to deeper than X-rays excitation volume, see Fig. 3.1. Therefore, the
energy of the incident electron beam can be rather low (1-5 keV) to excite significant
cathodoluminescence signals of use for the various applications. The CL signal is formed by
detecting photons of the ultraviolet (UV), visible and near-infrared (IR) regions of
the spectrum. These photons are emitted as the result of electronic transitions between
the conduction and valence bands in semiconductors, and transitions between energy
levels lying in the band gap of materials with wide band gap (insulators), Fig. 3.2. Many
useful signals in these cases are due to transitions that involve impurities and a variety
of defects.

X-ray spectrometry is based on the emission of X-rays from the atoms of a solid when struck
by particles or waves of sufficiently high energy (electron beam in our case), followed by the
relaxation of the atoms to the ground state after ionization. The X-ray spectrum produced by
electron excitation consists of two parts, a continuous spectrum of deceleration radiation,
known as '"bremsstrahlung", and a line spectrum of the characteristic radiation.
Characteristic X-rays will only be excited in the volume in which the electron energy
exceeds the ionization energy of the inner shell involved. The general concept of X-ray
emission-region and emission-process are shown in Figs. 3.1 and 3.2. The electron beam
energy is typically in the range 10-20 keV and the energy of the X-rays emitted depends on
the material under examination. The X-rays are generated in a region about 1-4 pm in depth,
thus EDX is not a surface science technique, but it is a method used for providing sample
composition information besides charging properties of insulators. Both CL and EDX
techniques are commonly used in combination with a scanning electron microscope (SEM).

3.2 Process of luminescence excitation

Luminescence is produced by electron transitions between different energy levels. It may be
produced by a band-band transition, transitions from band to localized state, or even
between two localized states in a defect molecule, see Figs. 3.3 and 3.4. Luminescence is
considered to form mainly in three steps. First, absorption of the excitation energy and
stimulation of the atoms into an excited state, then transformation and transfer of the
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Fig. 3.3 Mechanisms of cathodoluminescence due to recombination processes in
semiconductors or insulators: (a) recombination by direct band-to-band transition leads to
intrinsic cathodoluminescence ; (b-e) recombination via localized states in the forbidden gap
results in extrinsic cathodoluminescence; (f) excitation and recombination within the defect
energy levels. E,=accepter level, Es=donor level, modified after Krbetschek et al. 1997.

excitation energy, and finally emission of light and relaxation to a non-excited state [Yacobi
and Holt 1990]. The first two steps mainly depend on the mode of excitation, whereas the
third step depends on the character of specific luminescence centers.

In crystals, complex interaction between atoms leads to the broadening of the energy levels
into bands. In insulators like silica, a broad gap, called the forbidden gap, exists between the
valence band and the conduction band. A precondition for cathodoluminescence is the
existence of activators (impurity ions, lattice defects), which cause and occupy discrete
energy levels in this forbidden zone. Luminescence centers can be differentiated by their
energy position within the forbidden gap and divided into electron traps near the
conduction band (donor level) and recombination sites in the vicinity of the valence band
(acceptor level).

CL involves electron radiation induced excitation of an electron from the ground state to
an excited state. Recombination of an electron from the conduction band with a hole in the
valence band is possible in variety of ways: it may take place by a band-to-band transition
or step by step via localized energy states within the forbidden gap. In a band-to-band
transition shown in Fig. 3.3a, light is emitted with a photon energy hv=Eg=E-E; this type
of CL is called intrinsic luminescence. Intrinsic CL is only likely to occur in
semiconductors (GaAs and ZnS) in which recombination can take place directly, i.e
without changes in momentum. In indirect semiconductors (Si, Ge, and GaP) the special
band structure requires a photon to take part in the recombination process so that
momentum is conserved.

The extrinsic CL is a recombination that takes place via localized energy states within the
forbidden gap. Excitation results in the trapping of an electron or in the recombination with
a luminescent or a non-luminescent center (Fig. 3.3b). In the case of a luminescent transition,
a photon is emitted. If the atom or the ion is placed in a crystal lattice, non-luminescent
transitions are possible due to absorption or emission of lattice vibrations. A trapped
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electron can be excited again, transits into the conduction band and may recombine with an
activator element level resulting in emission of a photon (Fig. 3.3c), or a trapped electron
may relax to the valence band and emit a photon (Fig. 3.7d). In the case of a small energy
difference between electron trap and activator level, a direct luminescent transition of the
electron to the recombination centre is possible (Fig. 3.3e). A More complex process is the
excitation of several energy states lying deeper inside the forbidden gap and the subsequent
relaxation and luminescence emission of a single activator is also possible (Fig. 3.3f). Such
states can be due to point defects (impurities or lattice defects) and act as traps for electrons
or holes. The variety of possible transitions and the thermally induced broadening of the
energy states make the CL spectra very difficult to interpret.
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Fig. 3.4 Possible processes of excitation of a luminescence center explained in depending on
configuration coordinate diagram assuming (a) radiative transition , (b) non-radiative
transition , and (c) thermally assisted excitation into the conduction band, [Krbetschek et al.
1997].

The process of excitation and emission of an individual luminescence center can be
described using a configuration coordinate diagram. It shows the potential energy curve of
the absorbing center as a function of the relative distance (r) of the nucleus to the
equilibrium position (electron in the ground state). Fig. 3.4 shows excitation of a defect
atom/molecule from the ground state (Q;) to excited state (Qy combined with radiative (Fig.
3.4a) and nonradiative (Fig. 3.4b) relaxation. As a particular case of excitation, thermally
assisted excitation (Fig. 3.4c) into the conduction band and the relationship between the
configurational coordinate and the band model are also shown.

In optical absorption (E,) the center is promoted from the ground state to a higher vibration
level of the excited state. After relaxation (R) to the zero vibration level of the excited state
the electron returns with luminescence emission (E.) or via a nonradiative transition with
the emission of photons (p) and relaxes to the zero vibrational level (R,). Since the electron
transitions are faster than lattice relaxation, the absorption occurs adiabatically as a vertical
transition (the Frank-Condon principle). The energy difference between absorption and
emission is called Stokes shift. A special case of the excitation is thermally assisted
ionization (Fig. 3.4c). After excitation to a higher energy level, the electron can escape to the
conduction band (CB) by phonon absorption and recombine with other activators. This
process may form the basis of infrared stimulated luminescence in feldspars [Hiitt et al.



Defect Related Luminescence in Silicon Dioxide Network: A Review 155

1988]. More complex processes may result from charge transfer. The electron is excited by
high energy excitation into the charge transfer band and stored in a trap. After a second
excitation with lower energy (e.g. thermal, infrared radiation) the electron escapes from the
trap to an activator by a radiative or nonradiative transition. The life time 7 of the trapped
state depends on the depth (energy level) of the trap and the temperature, and can be
determined using the Boltzmann relation 7=s1 exp(E/K3gT) , where s is frequency factor, T
the absolute temperature and E the activation energy, i.e. the energetic depth of the trap.

3.3 Luminescence emission bands in silicon dioxide

The real structure of silica materials significantly influences their luminescence behavior.
Moreover, defect contents and implanted elements dramatically changes the
cathodoluminescence (CL) properties of silicas. The luminescence of silica is generally
weak at room temperature, but it is highly variable depending on the specific conditions
of silica formation. Crystalline SiO, modifications and amorphous silica show similar
main luminescence bands. This is due to the fact that short-range order defects in silicate
structure are determined mainly by silicon-silicon and silicon-oxygen interaction rather
than by interactions between oxygen atoms [Berry and Vaughan 1985]. Since a strict
correlation between the intensities of CL bands and concentrations of specific defects or
trace elements does not exist, the interpretation of the origin of luminescence of silica
materials is difficult. Furthermore, the band positions of the luminescence emissions can
vary depending on the particular SiO; structure and the experimental conditions. The CL
spectra of silica consist mainly of several emission bands in the blue up to the red spectral
region. Investigation of natural and synthetic silica specimens show various emission
bands which are ascribed to different intrinsic and extrinsic defects. The CL spectra of
silica materials are generally consist of some different broad emission bands (defect's
optical bands) instead of sharp spectral lines. Overlapped bands are commonly expected
too, and it seems to be difficult to resolve these bands to their real components. Two
reasons for the broadening of these transitions have been suggested: the first is due to the
different static local environments (inhomogeneities) of defects in disordered glass called
inhomogeneous broadening, and the second is due to the coupling of electronic transition
to phonons called homogeneous broadening. The homogeneous broadening is the same
for all related defect sites throughout the sample and occurs even for defects in otherwise
ideal crystal. The main contribution to the defect's optical bands broadening (FWHM) in
amorphous SiO, which is our main interest in this study, is usually from homogeneous
broadening (0.2-1 eV) while the magnitude of inhomogeneous broadening is of the order
0.1 eV [Skuja 2000]. Table 3.1 summarizes the main PL and CL emission bands previously
reported for a-SiO, and a-SiO; and their proposed associations. Further on,
cathodoluminescence can be divided into two categories: intrinsic CL, which is
characteristic of the host lattice, and extrinsic CL which results from impurities. Larger
defects such as dislocations and clusters may also have an effect on the CL signal.
Intrinsic luminescence is enhanced by non-stoichiometry (vacancies), structural
imperfections (poor ordering, radiation damage, shock damage), and impurities (non-
activators), which distort the crystal lattice. The CL properties are mostly the result of
luminescence-activating ions such as transition metals, rare-earth elements or actinides.
Changes of the crystal field properties i.e., field strength, site symmetry, and coordination
number, cause differences in the magnitude of the energy levels of the activator elements
and also the splitting of closely spaced levels.
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Reported CL and PL luminiscent bands in amorphous silicon d

Table 3.1 (a)

and crystalline quartz (a-SiO») and their proposed associations in IR-Green region.
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Reported CL and PL luminiscent bands in amorphous silicon d
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and crystalline quartz (a-SiO») and their proposed associations in Blue-UV region.
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Therefore the CL spectrum is not a characteristic property of the activator but a property of the
mineral. The cathodoluminescence intensity generally increases with the concentration of the
activator to a maximum and then decreases. This decrease is referred to as concentration
quenching (self-quenching). It can be explained by the transfer of a part of the excitation
energy to other activator ions which is more effective than luminescence emission. Some ions
(quenchers) show broad and intense charge transfer bands in the absorption spectrum and
cause quenching of the luminescence of activators with interfering emission bands.

The quenching by ions with intense charge transfer bands especially influences the visible
and the near ultraviolet (UV) spectral ranges, whereas luminescence emissions in the
infrared (IR) are more or less unaffected. Apparently, the quenchers cause new closely-
spaced energy levels so that the electron can easily return to the ground state with the
emission of low-energy photons (IR) or by losing heat energy [Marshall, 1988].

Quenching due to lattice defects may occur if the crystal structure is damaged by
mechanical processes, radiation, growth defects or impurities. These lattice defects create
new energy levels between the conduction and the valence bands resulting in absorption of
the excitation energy, non-luminescent energy transfer or low frequency emission. Another
process which may be responsible for lowering the Iuminescence intensity is thermal
quenching. Principally, heating of a sample results in the release of electrons and
accordingly in the excitation of thermoluminescence. During irradiation of a sample with
high-energy particles (e.g., electrons, ions) a part of the energy can be transformed into heat
which influences the energy transfer and non-luminescent transitions. As a consequence, the
luminescence intensity decreases during electron bombardment and then stabilizes.

3.4 Cathodoluminescence spectroscopy (CL)

Conventionally, there are several kinds of cathodoluminescence devices that can be installed
in SEM. One of them is a spectrometer-type device, which incorporates a parabolic mirror
mounted on the spectrometer port designed for high efficiency of light collection, as used in
this study. This specially designed mirror is used for collecting the CL. Despite the high
generation factors for the electron-hole pairs, the external photon yield is small
Furthermore, the intensity generated inside the specimen is considerably reduced by
absorption in the specimen and by the total reflection at the specimen surface.

N

aperture for cross-section of
e-beam N Y parabolic mirror

I | specimen

specimen stage
r g
= X

Fig. 3.5 Schematic diagram of the CL collection optics within the SEM (not to scale). The CL
photons emitted by the electron-irradiated specimen are collected by a parabolic mirror and
directed into the spectrograph by an optical guide.
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One of the fundamental problems in CL measuring technique is therefore how to collect the
emitted radiation over the largest possible solid angle with high efficiency. Fig. 3.5 shows a
configuration using a parabolic mirror in which the primary electrons (PE) impact on the
specimen through a hole in the parabolic mirror. Light quanta emitted into a solid angle x
can be detected, where the specimen is located almost inside the mirror during the CL
measurement for better CL signal collection. A silica fiber optic transmits the CL light to the
entrance slit of grating spectrograph of type Spex-270M and it is registered in a single shot
technique by a liquid nitrogen cooled charge coupled device CCD camera (Princeton
Instruments, EEV 1024x256) with a spectral resolution of about 4 nm.

The CL was excited using a continuous stationary electron beam with energy E,=10 keV and
stable current of ~0.6 pA with focused beam diameter of #1 pm in TV scanning mode both at
room temperature (RT) and liquid nitrogen temperature (LNT), working distance fixed at 14
mm where the electron beam was focused on a small area (*100x100 pm?) of the specimen
surface. The CL excitation and recording use the same parameters (experimental conditions)
in order to get comparable spectra collected from different silicon dioxide samples.

The visible light spectrum over the wavelengths 200-800 nm collected by the CL mirror is
composed of the real luminescence light and the background light produced by the electron
beam. The background spectra is registered separately and subtracted from the measured
CL signal to eliminate disturbing light radiation from the thermionic cathode and other
sources. The background elimination was done periodically by switching the primary
electron beam on and off (beam blinking) in each start of new CL measurement.

The whole experiment was performed in high vacuum. In order to achieve a good high
vacuum, some special procedures were needed. Initially, the vacuum chamber was pumped
down to 102 mbar using a rotary pump. Then the chamber was pumped down to about 10-6
mbar using a turbomolecular pump. After 24 hours of pumping, the pressure got down to
around 107 mbar and the chamber achieved the HV operation conditions, which is good
enough to perform both CL and EDX measurements.

3.5 Energy dispersive X-ray spectroscopy (EDX)

X-ray spectrometry is based on the emission of X-rays from the atoms of a solid when struck
by particles or waves of sufficiently high energy (electron beam in our case), followed by the
relaxation of the atoms to the ground state after ionization. The X-ray spectrum produced by
electron excitation consists of two parts, a continuous spectrum of deceleration radiation,
known as "bremsstrahlung", and a line spectrum of the characteristic radiation. The electron
beam energy is typically in the range 10-20 keV and the energy of the X-rays emitted
depends on the material under examination.

X-ray data are obtained with a wavelength dispersive spectrometer. The X-ray energy
dispersive system component is a semiconductor crystal which acts simultaneously as a
detector and analyzer [Fuchs et al. 1990]. In a similar way as in a proportional counter tube, X-
ray quanta which penetrate the semiconductor detector generate pairs of charge carriers
whose number is proportional to the energy of the incident quanta. The spectrum is obtained
by evaluating the pulses (current) generated and amplified in the detector system according to
their height and sorting them. This takes place in a mutichannel analyzer. Each channel
corresponds to a specific pulse height and to a specific energy after suitable calibration. The
amount of the current pulse ¢ generated depends on the number of electron-hole pairs created,
which in turn depends on the energy of the incoming X-ray. Thus, an X-ray spectrum can be
acquired giving information on the elemental composition of the material under examination.
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The semiconductor detector is a special silicon diode called a lithium drifted silicon detector
Si(Li), which is accommodated in a vacuum chamber and kept at a temperature of about 100
K by means of a cold finger. A beryllium window (about 10 pm thick) closes the evacuated
chamber containing the detector and preamplifier. The window protects the detector from
condensation and contamination as well as from scattered electrons and light. The entire
system can be adjusted both horizontally and vertically.

Elements of low atomic number are difficult to detect by EDX. In all Si(Li) detectors, The
absorption of the soft X-rays by the Beryllium window precludes the detection of elements
below an atomic number of 11 (Na). In windowless systems, elements with as low atomic
number as 4 (Be) have been detected, but the problems involved get progressively worse as
the atomic number is reduced.

3.6 Fourier transform infrared spectroscopy (FTIR)

One of the most common methods of analyzing crystalline silica is based on the absorption
of infrared light. Infrared radiation spans a part of the electromagnetic spectrum having
wavelengths from 0.78 to 1000 pm. It is bounded by the red end of the visible region at high
frequencies (300 THz) and the microwave region at low frequencies (=300 GHz). At
temperatures above absolute zero, all the atoms in molecules are in continuous vibration
with respect to each other. When the frequency of a specific vibration is equal to the
frequency of the IR radiation directed at the molecule, the molecule absorbs the radiation.
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Fig. 3.6 Major vibrational modes for a nonlinear group, [Silverstein et al. 1981].

Different functional groups absorb characteristic frequencies of IR radiation. Thus, IR
spectroscopy is an important and popular tool for structural clarification and compound
identification in the sample and is even a common spectroscopic technique used for
quantitative determination of compounds in mixtures. Infrared radiation is absorbed and
the associated energy is converted into different types of motions. The absorption involves
discrete, quantized energy levels. However, the individual vibrational motion is usually
accompanied by other rotational motions. These combinations lead to the absorption bands,
not the discrete lines, commonly observed in the middle IR region. The major types of
molecular vibrations are stretching and bending. The various types of vibrations for SiO. are
illustrated in Fig. 3.6. IR spectra are obtained by detecting changes in transmittance (T) or
absorption (A) intensity as a function of frequency. Transmittance is the ratio of radiant
power transmitted by the sample (I) to the radiant power incident on the sample (I,).
Absorbance is the logarithm to the base 10 of the reciprocal of the transmittance (T),
A=log(T')=-log(I/I,) , The transmittance spectra provide better contrast between intensities
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of strong and weak bands because transmittance ranges from 0 to 100% T whereas
absorbance ranges from infinity to zero.

In this study we will focus on the most frequently considered portion of the middle IR
region, between 400 and 4000 cm (25 to 2.5 pm). The total number of observed absorption
bands is generally different from the total number of fundamental vibrations. It is reduced
because some modes are not IR active and a single frequency can cause more than one mode
of motion to occur.

Absorption bands in the region of 2500-4000 cm? usually come from stretching vibrations
between hydrogen and some other atoms with a mass of 19 or less. The O-H and N-H
stretching frequencies fall in the 2500-3700 cm! region, with various intensities. Hydrogen
bonding has a significant influence on the peak shape and intensity, generally causing peak
broadening and shifts in absorption to lower frequencies. The C—H stretching bands occur in
the region of 2700-3300 cm? [Settle 1997]. The bands 2000-2300 cm?! and 935-1000 cm?! are
associated with Si—H bond-stretching band and Si\ textendash H bond-bending type mode,
respectively. Another peak at 3675 cm-1 corresponds to the Si—-OH bond [Hosono et al. 1999].
The absorption bands at the 1850-2700 cm! region usually come only from triple bonds and
other limited types of functional groups, such as C=C at 2100-2260 cm-1, C=EN at 2220-2260
cm-l, allenes C=C=C at 1900 to 2000 cm-1, S—H at 2550 to 2600 cm-1, P-H at 2275 to 2440 cm-1
[Settle 1997 , Trukhin et al. 1999], Si-C at 800 cm-1, Si—O at 500 cm-! [Prado et al 2003].
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Fig. 3.7 A single-beam IR spectrum of a-5iO; and air (background), showing different Si—O
vibration modes and the contribution of the ambient water and carbon dioxide COs,.

Moreover, the transmission spectra show peaks at 890-1062 cm? and 2260 cm,
corresponding to the Si—O stretching frequency [Tsu et al. 1989, Saito and Ikushima 2002,
Suzuki et al. 2003, Prado et al 2003], at 945 cm-! assigned to Si—-OH mode, and at 1650 cm-!
associated with H-O-H (H20) [Gendron-Badou et al. 2003]. Typical FTIR spectra in the
range 400-4000 cm?® of air and pure 4-SiO, layer are shown in Fig. 3.7, where some
vibrational modes of Si—O and hydrogen incorporated molecules are pointed. Commonly
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the transmission peaks at 1100, 471 cm? are attributed respectively to triply degenerated
stretching and bending vibration modes of the tetrahedron, but 800 cm! corresponds to an
inter-terahedral Si-O-5i bending vibration mode [Gendron-Badou et al. 2003].

Most commercial instruments to separate and measure IR radiation use dispersive
spectrometers or Fourier transform spectrometers. Fourier transform spectrometers have
recently replaced dispersive instruments for most applications due to their superior speed
and sensitivity. An IR spectrometer consists of three basic components: radiation source,
interferometer (monochromator in dispersive IR system), and detector. Infrared
transmittance measurements were performed using a FTIR spectrometer (Nicolet Magna IR
550) in the spectral range 400-4000 cm-1. The spectral resolution was fixed to 4cm-! and the
spectra were recorded at room temperature (RT) by means of non-polarized light under
normal incidence. Most benchtop FTIR spectrometers are single-beam instruments. Unlike
double-beam grating spectrometers, single-beam FTIR does not obtain transmittance or
absorbance IR spectra in real time. A typical operating procedure is described as follows: A
background spectrum (Fig. 3.7) is first obtained by collecting an interferogram (raw data),
followed by processing the data by Fourier transform conversion. This is a response curve of
the spectrometer and takes account of the combined performance of source, interferometer,
and detector. The background spectrum (air) also includes the contribution from any
ambient water (two irregular groups of lines at about 3600 cm! and about 1600 cm-1) and
carbon dioxide (doublet at 2360 cm! and sharp spike at 667 cm-! present in the optical
bench. Next, a single-beam sample spectrum is collected, it contains absorption bands from
the sample and the background (air). The background spectra have been eliminated in order
to get the real vibrational response of the sample. Reference samples of the silicon substrate
have also been used for background division.
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1. Introduction

This chapter is extended to various electronical and optical modifications of amorphous
silica (a-510;) layers as they are applied in microelectronics, optoelectronics, as well as in the
forthcoming photonics. Scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDX), Fourier transform infrared spectroscopy (FTIR) and cathodoluminescence
(CL) have been used to investigate thermally grown pure amorphous silicon dioxide and
ion-implanted layers with thickness dox=100-500 nm. The main luminescent centers in silicon
dioxide layers are the red luminescence (650 nm; 1.85 eV) of the non-bridging oxygen hole
center (NBOHC; =Si-Or), a blue (460 nm; 2.7 eV) and a ultra violet luminescence (290 nm;
4.3 eV) of the oxygen deficient centers (ODC's; =Si---Si=), and a yellow luminescence (570
nm; 2.2 eV) appears especially in hydrogen treated silica indicating water molecules, and on
the other hand, in silicon excess samples indicating higher silicon aggregates. A quite
different CL dose behavior of the red luminescence is observed in dry and hydrogen-treated
samples due to dissociation and re-association of mobile hydrogen and oxygen to radicals of
the silica network. Additionally implanted hydrogen diminishes the red luminescence in
wet oxide but maintains the blue and the UV bands. Thus hydrogen passivates the NBOHC
and keeps the ODC's in active emission states. A model of luminescence center
transformation is proposed based on radiolytic dissociation and re-association of mobile
oxygen and hydrogen at the centers as well as formation of interstitial H> , O» , and HO
molecules.

Non-stoichiometric SiOy layers produced by direct ion implantation or reactive sputtering
are used to investigate whether the different luminescent centers are related to oxygen or to
silicon. Oxygen implantation as well as direct silicon implantation led to an oxygen surplus
as well as an oxygen deficit, respectively. The related luminescence damages provide direct
evidence to the nature of the defects. Oxygen-deficient thin silica layers SiO, with different
stoichiometric degree 1<x<2, were prepared by thermal evaporation of silicon monoxide in
vacuum and in ambient oxygen atmosphere of varying pressure onto crystalline silicon
substrates. The chemical composition has been calibrated and determined by FTIR
spectroscopy. The CL spectra of the oxygen-deficient layers shows the development of
typical silica luminescence bands at the composition threshold x<1.5 onwards to x=2. The
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green-yellow luminescence (2.15 eV) strongly increases with the annealing temperature up
to 1300 °C which is attributed to the formation of small silicon aggregates in the network,
from dimers over trimers even to hexamer rings.

Ion implantation doses between 3x106 and 5x1016¢ ions/cm? led to an atomic dopant fraction
of about 4 at.% at the half depth of the SiO; layers. In ion implanted SiO- layers additional
emission bands are observed. A huge violet band in Ge* implanted layers appears at A=410
nm (3.1 eV). This band corresponds to the Ge-related oxygen deficient center (Ge-ODC). The
thermal annealing process of the Ge* implanted layers leads first to a strong increase of the
violet luminescence due to formation of Ge dimers, trimers or higher aggregates, finally to
destruction of the luminescence centers by further growing to Ge nanoclusters. Scanning
transmission electron microscopy (STEM) shows the growing in Ge cluster size with
increasing annealing temperature up to 1100 °C. As a result of ion implantation, we can state
that; group IV elements (C, Si, Ge, Sn, Pb) in SiO; increase the intensity of the luminescence
in the blue region and group VI elements (O, S, Se) increase the intensity in the red region,
confirming the association of the defect centers in the blue and the red region with oxygen
deficient centers and oxygen excess centers, respectively. The cathodoluminescence spectra
of sulfur-implanted SiO; layers and oxygen implanted layers under special conditions show
besides the characteristic luminescence bands a multimodal structure beginning in the green
region at 500 nm over the yellow-red region and extending to the near IR measured up to
820 nm. The energy step differences of the sublevels amount to an average 120 meV and
indicate vibronic-electronic transitions, probably of O  interstitial molecules, which could
be demonstrated by a respective configuration coordinate model.

2. CL of stoichiometric and non-stoichiometric SiO,

2.1 Wet and dry SiO; layers

The CL spectra of pure SiO, consist of several broad bands and certainly of some
overlapped components especially at the region around A=~ 460-620 nm (2.7-2.0 eV). The
irradiation response of these luminescence bands indicates that they are associated with
different defect centers. Even at specimen temperatures as low as LNT where thermal
contributions to the bandwidth are almost minimized, the SiO, CL emission bands are still
broad because of the degree of coupling between the host lattice and the defects associated
with the luminescence emissions [Griscom 1990b].

The initial (1 sec) and the saturated (5 h) CL spectra of pure SiO; layers are presented
in Fig. 2.1. The main CL emission bands in wet and dry specimens at temperatures between
liquid nitrogen (LNT) and room temperature (RT) are the red luminescence R at 650 nm
(1.9 eV) associated with the NBOHC [Fitting et al. 2005b], the blue B and ultraviolet
UV bands at 460nm (2.7 eV) and 290 nm (4.3 eV) respectively, associated with the Si related
oxygen deficient center (Si-ODC) [Skuja 1994b]. Some shoulders can be also seen in
the green-yellow G-Y region between 500-580 nm (2.5-2.1 eV). A luminescence band at
500 nm (2.5 eV) in crystalline SiO; and another at 560 nm (2.2 eV) in amorphous SiO is often
ascribed to the self trapped exciton (STE) [Skuja et al. 1978, Trukhin et al. 1998]. Another
CL band which is not often discussed in the literature is easily seen in the yellow Y region at
A=570-580 nm (2.18-2.14 eV) especially at LNT, but it is also expected in RT spectra where
the plane between the B band and the R bands can accommodate more than one overlapped
emission band.
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Fig. 2.1 The initial (1sec) and saturated (5h) CL spectra of wet and dry SiO at room
temperature (RT) and liquid nitrogen temperature (LNT); electron beam energy E,=10 keV
and current density jo=5.4 mA/cm2.

CL bands in this region will be discussed in more detail in the following sections. Based on
our basic experimental observations we presume a very thin ice (H>O) layer to have been
produced on the surface of the sample as an effect of low temperatures which could be one
of the reasons for the Y band, but under any circumstances one can see that the local
intrinsic defects like ODC and NBOHC dominates the CL spectrum at LNT too.

Looking to the 1 sec spectra of both wet and dry SiO; in Fig. 2.1, we can state that some of
the detected luminescence bands have the same origin and they behave similarly under
electron beam irradiation but others are totally different or are formed/transformed by
more complex reactions. The UV luminescence always peaks at very low intensities which
scarcely change under irradiation. This band was not detected in many crystalline SiO»
modifications at room temperature even or at liquid nitrogen temperature [Barfels 2001] but
it is clearly seen in bulk and thin layers of amorphous SiO, [Trukhin et al. 1998,
Bakaleinikov et al. 2004]. Absence of the crystalline order seems to be the origin of the UV
luminescence band. The blue B luminescence starts with the same intensity in both dry and
wet at RT and LNT and reaches the saturation level (5 h) together. The B band grows
drastically during the irradiation at room temperature (RT), while it is expected that a high
energetic electron beam creates more oxygen vacancy or in other words oxygen deficient
centers (ODC).

The main difference between the CL spectra of wet and dry SiO» is located in the Y and R
region. The Y luminescence is detected with relatively higher intensity in wet SiO; at RT and
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it is more visible at LNT in both dry and wet SiO, which is probably associated with some
crystalline HoO molecules on the sample surface. A considerable increase in the R band
intensity is clearly seen in the initial spectra in wet SiO,. This is the main dissimilar point
between dry and wet oxide layers. We suspect a direct connection of the Y and R bands with
atomic or molecular hydrogen. The saturated spectra of wet and dry SiO; have almost the
same profile, see Fig. 2.1. That means, the red luminescence is starting from different
precursors in dry and wet SiO, and these precursors are destroyed or transformed to other
similar structural defects in both kinds of layers during the electron irradiation.

2.2 Dose-temperature effect

It is well known that CL spectra of different SiO, modifications change during the initial
period of excitation. The time evolution of the CL spectrum of wet and dry oxide a-
SiOslayers during electron irradiation at room temperature (RT) and liquid nitrogen
temperature (LNT) is presented in Fig. 2.2. Comparison of time resolved bands shows
clearly the increase of the initial CL intensity of the emission bands as the specimen
temperature is reduced to LNT may be because of the reduction in the thermally assisted
conversion of STE's to complementary defect pairs (oxygen deficient centers and oxygen
excess centers) via nonradiative relaxation processes [Stevens-Kalceff 1998].

In Fig. 2.2 the amplitudes of the main luminescence peaks: red, R (650 nm, 1.85 eV), blue,
B (460 nm, 2.7 eV), and UV (290 nm, 4.4 eV) have been recorded as a function of the
irradiation time.

The UV band shows slightly increasing behavior for some 10 sec then stabilizing up to the
saturation state. Using "track-stop" techniques [Fitting et al. 2004] it was possible to describe
this band more comprehensively. The UV band is detected initially in the "track" mode
followed by an increase at the beginning of the "stop" measurement, then a maximum
(turnaround), decreasing and increasing again to a long term invariance, larger for the wet
oxide than for the dry one.

The B band has a time dependence at LNT that differs from that at RT. Whereas it decreases
at LNT for both the wet and the dry SiO,, it increases from very low intensity for RT, i.e. it is
fully generated during the irradiation process, probably from precursors like ODC centers
[Fitting et al. 2002b]. The long term irradiation shows an increase to saturation even over
several hours. The Y band has the same time dependence as the B band both at RT and LNT.
It gives us an impression that both defect centers associated with the blue and the yellow
luminescence are at least of the same kind, probably oxygen deficiency centers (ODC).

The most obvious difference in the luminescence of wet and dry oxides appears in the R
dose dependence, Fig. 2.2 (top). Whereas the R luminescence of the wet oxide starts from an
initial intensity, decreases to a minimum and then increases to a saturation, the red band
dependence of the dry oxide differs: starting from a much lower intensity, increasing and
approaching nearly the same saturation intensity as that of wet oxide. This is the main new
finding for the different wet and dry oxides and therefore it will be discussed in more detail
in dependence of other ion implantations, especially hydrogen which is the main key
difference between the dry and wet oxide silicas. The red (1.9 eV) luminescence is generally
associated with NBOHC and attributed to the recombination of electrons in the highly
localized nonbridging oxygen band gap state, with holes in the valence-band edge [Stevens-
Kalceff 1998]. A remarkable difference in the dose behavior of the red peak in dry and wet
specimens is found. This can be considered as a well recognized proof that the NBOHC
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defect structure of SiO; is extremely sensitive to hydrogen treatment which can result in the
formation of defects and/or the formation of existing defect precursors in the presence of
hydrogen atoms [Fitting et al. 2005a]. Other methods than CL have provided direct/indirect
evidence for the existence of a number of different defect precursors for the NBOHC.
Based on these facts, we may express two interactions where NBOHCs are involved;

Dry SiO, : =5i-O--Si=— =5i-Oe + Si= 2.1)
Wet SiO; : =S5i—-Oe + He « =5i-O-H (2.2)
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Fig. 2.2 CL dose dependencies of the red (R), the blue (B), the yellow (Y) and the ultraviolet
(UV) bands in dry and wet SiO2 at room temperature (RT) and liquid nitrogen temperature
(LNT); electron beam energy E,=10 keV: current density j,=5.4 mA/cm2.
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The most common production mode for the NBOHC in dry SiO; which contains a negligible
amount of hydrogen and silanol groups, is by the strained bonds "---" between Si and O
atoms, eq. (2.1), here both the E’-center and NBOHC can form in dry oxide layers. In wet
SiO,, hydrogen diffuses through the network and simultaneously undergoes reactions with
the NBOHC during the first seconds of irradiation (destructive mode of NBOHC) followed
by a slow creation mode [Tandon 2004]. This decay process is attributable to the
simultaneous recombination of NBOHC with dissociated hydrogenous species, eq. (2.2). In
wet SiO; layers, NBHOC are likely to react with interstitial molecular hydrogen at room
temperature according to eq. (2.3).

=Gi-Oe + H, — =5i—~O-H + Ho 2.3)

Both of these reactions of eqs. (2.2) and (2.3) reasonably explain the elimination of NBOHC
in wet layers. Indeed, infrared (IR) measurements confirm that He or H» react with dangling
bonds created by neutron irradiation [Bakos et al. 2004a]. But the most interesting point is
that the formation and destruction mechanism of NBOHC has absolutely no dependence on
a specimen's temperature because it is affected only by OH groups or hydrogen
concentration, as is clearly shown with the red curves in Fig. 2.2.

In the dry SiO», the NBOHC defect concentration has the tendency to increase (creation) at
both RT and LNT during the beginning of irradiation but it decreases in wet specimens
(hydrogenated) due to interaction with the mobile hydrogen [Kajihara et al. 2002]. The
intensity difference of NBOHC between the beginning and the end of electron irradiation is
much less in wet SiO,, which confirms the reliability of egs. (2.1-2.3).

2.3 Lifetime measurement of the resolved CL bands

To identify whether the red bands in wet and dry oxide are due to the same electronic state
we have measured their respective lifetimes. In Fig. 2.3 the pulsed luminescence of the red
peak R (650 nm, 1.9 eV) is measured, and the red R luminescence decay with its lifetime, 7, is
determined from the pulse switching-off decay (bottom). In the pulsed CL response we
observe an increase and pumping of the luminescence over about 20 ps after switching on
the electron beam. The overall pulse duration is 100 ps.

During this excitation the luminescence again decays very rapidly over about 30 ps to lower
intensity. Of course, the first suggestion for such a change could be based on thermal
quenching effects of the red luminescence due to electron beam heating of the irradiation
spot on the sample. Indeed, the electron beam density with 0.1 A/cm? is about 20 times
higher than that in the CL dose measurements in Figs. 2.1 and 2.2. However, this very rapid
rise, turnaround, and decrease of the red luminescence at the beginning of the electron beam
pulse may be discussed also in the context of Fig. 2.2 and in terms of center activation and
destruction.

The red luminescence lifetime after switching-off the electron beam has been enlarged in the
bottom of Fig. 2.3 showing a mean lifetime of about (4.7£0.2) ps for the wet oxide and
(5.3£0.2) ps for the dry silicon dioxide layers, respectively. Thus we may state that the R
luminescence lifetime in wet oxide is somewhat smaller than in dry oxide, but of the same
order with 7~5 ps. However, the time dependence of the decay is not exponential, but a
stretched exponential with (5<7<20ps over longer decay ranges [Trukhin et al. 2003a]. The
lifetime of the blue luminescence is measured too, in Fig. 2.4 the B band decay is indicating a
rapid component with 7~(5048) ps as well as a slow one with (7.140.4) ms for the wet
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oxide, and ™(70+2) ps as well as a slow one with 7=(7.840.8) ms for the dry oxide.
Ultimately, the decay kinetics of the UV luminescence was measured by Goldberg
[Goldberg 1996] at LNT and RT. The decaying process was found to be occurring over the

first 5 ns followed by a hyperbolic one proportion to 15 in the ps range.
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Fig. 2.3 CL pulsed excitation of the red R luminescence: 650 nm, 1.9 eV (top) with its
temporary decay and lifetime 7 (below) for wet (left) and dry (right) SiO. at RT; electron
beam energy E,=5 keV: current density j,= 0.1 A/cm?, [Fitting et al. 2005b].
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Fig. 2.4 CL pulsed excitation of the blue B luminescence: 465 nm, 2.7 eV with its temporary
decay and lifetime 7 for wet and dry SiO; at RT; E,=5 keV: j,= 0.1 A/cm?.

2.4 Under-stoichiometric silica layers

The presence of intrinsic defects like oxygen vacancies or a presence of hydrogen atoms,
plays an important role in numerous circumstances particularly in the growth of the layer
structure. Thermal-annealing procedure leads to elimination of hydrogen and production of
silicon nanoclusters in different sizes in silica network depending on the applied
temperature. At annealing temperatures even below 900 °C, the hydrogen release from the
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SiO; layers permits the formation of Si-Oe radicals introducing structural disorder into the
layer network [Fitting et al. 2005a]. At higher temperatures, the structure will undergo a
network reaction similar to eq. (2.4), then giving rise to the formation of nanostructures.

SiOx — (x/2) SiO; + (1-x/2)Si  1<x<2 (2.4)

In many cases cluster formation is affected by various kinds of defects in the Si-O network,
which can be either crystalline or amorphous. Fourier transform infrared spectroscopy
(FTIR) [Zacharias et al. 2003] and Cathodoluminescence (CL) [Fitting et al. 2002b] has been
employed to characterize the silicon cluster growing and to study the effects of ionizing
radiation on the structure of luminescent defects in SiO; systems [Trukhin and Fitting 1999,
Trukhin et al. 1999]. The UV (4.3 eV), the blue (2.7 eV) and the red (1.9 eV) luminescence
centers have been classified as process-induced centers, which also exist in irradiated SiO,.
Again the yellow luminescence band (2.15 eV) is distinguished more clearly in the SiOx
layer, which we think deserves more attention and has to be studied intensively. In the
present section, the annealing temperature dependence of the CL intensities of the 4.3, 2.7,
2.15 and 1.9 eV peaks and their correlation with the stoichiometry x will be demonstrated
separately in order to associate the luminescence bands with the nature of different defects.

2.5 Fourier transform Infrared (FTIR) measurement of stoichiometric and under-
stoichiometric silica layers

The vibrational spectrum of SiO; is full of details. It consists of longitudinal-optical (LO) and
transversal-optical (TO) split features at around 460 cm-1, 800 cm-1, and 1100 cm-1. The LO
modes are not detected (lower frequencies) or only detected in oblique incidence IR
transmission measurements. The highest frequency feature exhibits the largest absorption
coefficient, therefore in the literature most attention is paid to this absorption band. In SiO; it
features a TO absorption peak at around 1090 cm-! with a LO absorption at around 1250cm-1,
being visible when applying oblique incident IR radiation. In the present work we focus on
the region of the Si-O-S5i stretching mode (700-1400 cm-1).
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Fig. 2.5 Fourier transform infrared (FTIR) spectra of thermally grown pure dry and wet SiO».

1
1000

1500

1
2000

2500

3000

wavenumber (cm™)

3500

4000



Silicon Nanocluster in Silicon Dioxide: Cathodoluminescence,

Energy Dispersive X-Ray Analysis and Infrared Spectroscopy Studies 181
810 1006 1092 810 880 1034 1092
100 -
[ x02 \f \ a-Si0, Jd [ xo02 4-Si0, |
7x10™* mbar 7x10"* mbar
O,pressure | [ 0, pressure |
80 \/\ ~ \ —
or N
= 60 AN
e N
S 5o
N - —\
8 40 +
- \/ I
. R
0 / Fos
20F N - F o -~
AN PPTle +7 without
\ //’ without 1 r 7 excess oxygen
10k \\ 2" excessoxygen | | annealed e i
| non-annfaled W\~ 1| 7=t100°c .
P RPN Horsr e sttt i 2 et

L Ll L \
700 800 900 1000 1100 1200 1300 1400 700 800 900 1000 1100 1200 1300 1400

wavenumber (cm-') wavenumber (cm-')

Fig. 2.6 Infrared spectra of SiOx layers on Si substrate grown by thermal evaporation of SiO
in ambient oxygen pressures, the stoichiometric SiO; and SiO; layers are presented for
calibration of non-annealed samples (left) and thermally annealed samples, T,=1100 °C
(right).

At first we present the IR spectra of thermally grown a-SiO; in Fig. 2.5, then a comparison of
the non-annealed and the thermally annealed (T,=1100 °C) silica layers with different
stoichiometry x, before they have been irradiated (Fig. 2.6).

Typical IR transmittance spectra of wet and dry silica are presented in Fig. 2.5. Obviously
there are no essential differences in spectra of silica samples with different thermal
oxidization method (wet or dry). The only bands observed are due to the fundamental SiO»
vibrational bands. The oxygen to silicon ratio of several SiO, thin layers deposited by
thermal evaporation of silicon monoxide SiO and simultaneous oxidation are studied by
FTIR spectroscopy in order to determine the stoichiometric degree x.

The infrared properties of the non-annealed and annealed samples at 1100 °C are presented
in Fig. 2.6. Various silicon-oxygen related absorption bands can be identified in the wave
number region from 700 to 1400 cm-1. Due to the fact that the samples are produced under
such conditions that they are totally hydrogen-free we can exclude all hydrogen related IR
modes. The band around 810 cm! is attributed to Si-O textendash Si bond bending motion
in SiO; [Tsu et al. 1989, Gucsik et al. 2004]. This band position increases when the sample
composition approaches the pure stoichiometric silica (SiO) structure, while it is not
detectable in the sample produced without excess oxygen exposure. The most intense
feature in the spectra of Fig. 2.6 appears in the range of 1000-1100 cm-1, which is ascribed to
the Si-O-Si stretching vibrations [Lehmann et al. 1984]. The Si-O vibration frequency in
thermally annealed samples shifts from 1034 cm.; in the sample without excess of oxygen to
higher frequencies at 1092 cm? in the sample of stoichiometric SiO, composition. The
transversal-optical (TO) peak positions have been determined by the zero-transition of the
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first derivative. The increase in wavenumber is due to the fact that the number of Si-Si
bonds within the tetrahedral units decreases with the concomitant increase of Si—O bonds.
The same fact can explain the creation and the frequency shift of the 810 cm-! bending band.
These peak positions can be used for a basic estimation of the stoichiometry of
homogeneous SiOx structures and as a measure for the phase transition from SiO; to higher
x compositions SiOy up to SiO;.

In Fig. 2.7 we show the calibration of the stoichiometry degree x in SiOy layers as a function
of the Si-O-5i TO stretching mode frequency. We should mention that the position of the
TO stretching mode as a function of the stoichiometric degree x is always expressed as a
linear regressions-type formula, see e.g. [Tsu et al. 1989, Lehmann et al. 1984]. Different peak
position determination methods could be the reason for the discrepancy between our data
and those presented in the literature where mostly symmetric axis band positions have been
used previously. Here we consider the zero transition of the first derivative to obtain the
absolute peak position. Earlier a numerous equation in dependence on x was obtained
[Lehmann et al. 1984]:

Vx=(48.8x+976) cm! (2.5)

The estimated x values in a linear relation according to Lehmann [Lehmann et al. 1984] are
shown as the dashed line in Fig. 2.7. Based on our IR data of the two well-calibrated and
fixed SiO; and SiO; layers we had to slightly modify the Lehmann relation and have
obtained the following approach for the growth of x in SiO, from nearly x>1 up to
stoichiometric SiO»:

Vx=(58x+976) cm-! (2.6)
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Fig. 2.7 Calibration of stoichiometry degree x in SiOy layers with the TO stretching mode
of IR measurements; dashed line: according to [Lehmann et al. 1984]; solid line: given by
the present SiO; and SiO» data of known stoichiometry, the wavenumbers of the annealed
SiO, samples were placed on this line; A SiO2:Si ion-implanted sample from [Fitting et

al. 2002b].

This relation is presented in Fig. 2.7 as a solid line for the thermally annealed samples,
where x=1 and x=2 are given as fixed points and the other data were placed on this straight
line between SiO; and SiO, in order to determine their x. Of course, the non-annealed
samples will not fit to this straight line because their atomic network is still much more
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disordered than for the thermally annealed samples leading to higher TO mode softening,
see Figs. 2.5 - 2.7. Additionally, a Si* ion-implanted sample SiO»:Si with an Si excess of 4 at.%
in the maximum of the implantation profile has been investigated previously, providing a
mean stoichiometric degree over the full silica layer [Fitting et al. 2002b]. This value is close
to x=2 but there is already a remarkable shift of -Avro=10 cm as can be seen in Fig. 2.7,
supporting the sensitivity of the IR measurement.
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Fig. 2.8 Stoichiometry x of SiOx layers as grown by thermal evaporation of SiO in oxygen
ambient pressure, based on FTIR measurements after thermal annealing of the samples.

Then in Fig. 2.8 the x values obtained by FTIR are correlated with the ambient oxygen
pressure during the evaporation of SiOs. So the stoichiometric transition from SiO; to 5iO; as
a function of the ambient oxygen pressure can be estimated. An extrapolation shows that
SiO; layers can be manufactured roughly at oxygen pressure nearly to 1x10-1 mbar.

2.6 CL of under-stoichiometric silica layers

In order to characterize the SiO, layers by their optical luminescence features,
cathodoluminescence (CL) studies of the SiO. samples were carried out at both room
temperature (RT) and liquid nitrogen temperature (LNT). see Fig. 2.9. This experiment was
performed using samples that were thermally annealed at T,=600, 800, 1100, 1300 °C besides
the normal non-annealed samples, this way we could follow the structure change/growing
under the influence of temperature treatment and the electron beam irradiation. Here we
used also the experimental parameters as described before in the previous sections.

Samples with x<1.3 show almost no CL signals and samples with x~1.3 show quite weak
and smoothed CL intensities even when they annealed at high temperatures or cold down
to LNT. Thus, if the atomic ratio of silicon atoms is high compared with the ratio of oxygen,
i.e. x<1.3, the samples do not exhibit any characteristic CL, indicating deficiency of Si—O
bonds to form ordinary silica structures and any prominent silica defects.

Upon reaching x>1.5 , the CL intensities grow considerably but almost only the yellow
luminescence Y at 2.15 eV is detectable in the initial CL spectra (1 sec). After longer electron
beam irradiation (30 min) the characteristic silica bands UV, B, and R appear too, as can be
seen in Fig. 2.9.

Here the yellow Y luminescence band does not occur accidentally in hydrogen rich silica
samples, there we have attributed a similar band to hydrogen molecules on interstitial sites
in the silica network [Fitting et al. 2005a, Fitting et al. 2005b]. In Fig. 2.9 we see that the CL
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Fig. 2.9 CL spectra of SiO; layers with thickness dox grown on Si substrate with different
ambient oxygen pressure and having been thermally annealed at different temperatures T,.
The initial and the saturated CL spectra are labeled by "1sec" and "30 min", respectively.
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Fig. 2.10 Schematic presentation of the nonbridging oxygen hole center (NBOHC) and
oxygen deficiency center (ODC) forming a Si dimer in the SiO, network (left) transformed
by thermal annealing at temperatures T, and/or electron beam irradiation to Si trimers
(middle) and further on to elementary 6-fold silicon rings (Si hexamers) as a first step of Si
nanocrystal formation (right).

spectra of dry and under-stoichiometric SiO; layers (both are H-free), annealed up to
relatively high temperatures in vacuum show a very intense yellow luminescent band at
2.15 eV. After annealing to temperatures T,>1100 °C the Y luminescence is detectable too,
even with higher intensity, which means it is increasing with T,. We may conclude that the
silicon atoms tend to re-arrange themselves in small clusters as chains or rings in the SiO,
network [Nicklaw et al. 2000], and that could be one of the most dominant origins for the Y
luminescence in dry silica. In the absence of water there are strained bonds or defects of the
form =Si-O--Si=, where O--S5i represents a strained (weak) Si—O bond that could be
transformed into small membered silicon rings (3, 4-membered) [Ivanda et al. 2003] as well
as to nonbridging oxygen hole centers (NBOHC) as an effect of high temperature treatment,
as illustrated in Fig. 2.10.

A careful temporal observation of Fig. 2.10 makes it clearer that the cluster can be separated
into core and surface components. The core is nucleation of silicon atoms (silicon bonded
together) but on the surface both silicon and oxygen have dangling bonds, with the oxygen
atom tending toward the surface. These fragments residing on the surface tend to be highly
mobile [Schweigert et al. 2002], so we may state that the yellow luminescence is exciting
from the surface of the silicon nanoclusters and not from the silicon core.

The red R (1.9 eV) emission is generally associated with the NBOHC and attributed to the
recombination of electrons in the highly localized nonbridging oxygen band gap state
with holes in the valence-band edge [Stevens Kalceff 1998]. On the other hand, tempering
to T,~1300 °C leads to a further increase of the yellow band Y and to a strong reduction of
the red band R. Probably, at these high temperatures oxygen is released from the SiOx
network diminishing the red luminescence but forming more oxygen deficient centers
ODC and Si-rings.

In other words, more oxygen dangling bonds and oxygen deficient centers can be created
due to high temperature exposure. Then silicon fragments or rings are produced in the silica
network which seems to be the most probable candidates for the yellow Y luminescence
center in silica.

2.7 EDX, CL and TEM investigation of Si cluster formation in modified silica

The formation of oxygen deficient centers (ODC) or even higher silicon aggregates by means
of electron beam irradiation has been manifested already earlier [Fitting et al. 2002b,
Trukhin et al. 1999, Fitting et al. 2005b, Stevens Kalceff 1998]. Even Auger electron
spectroscopy (AES) has clearly evidenced that oxygen is dissociated from SiO. due to
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electronic or thermal processes during electron beam excitation, see e.g. [Stevens Kalceff
1998, Cazaux 1986]. Thus the blue B and the red R luminescence bands grow under electron
bombardment to a saturation after an irradiation dose of about 3 As/cm? [Fitting et al.
2002b], see the bottom row in Fig. 2.9.

In order to demonstrate the ODC increase during electron bombardment we have
determined the stoichiometric degree x of SiO, by means of energy-dispersive X-ray
analysis (EDX) during electron irradiation (E,=10 keV, j,=2 mA/cm?) in initially
stoichiometric silica layers SiO,. The results are presented in Fig. 2.11. There we see a
decrease of x with irradiation time, as expected, for room temperature (RT) faster than for
liquid nitrogen temperature (LNT). The initial values with x>2.04 are somewhat higher than
the expected ones x=2 of stoichiometric silica but we suppose an excess of oxygen on
interstitial sites within the silica network remaining still from the oxidation process and the
thermal diffusion of oxygen through SiO, towards the interface at the Si substrate. It is well
known that over-stoichiometric silica with x>2 does not exist [Helm and Deal 1993], besides
some peroxy bridges =5i—~O-0O-5i= or radicals as candidates or precursors for luminescent
defects [Pacchioni et al. 2000], however, in very low concentration. This interstitial excess
oxygen may form O, and O-, molecules [Fitting et al. 2005c].
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Fig. 2.11 EDX measurement of the oxygen to silicon ratio x in initially stoichiometric silica

layers SiO; during electron beam irradiation at room temperature (RT) and liquid nitrogen

temperature (LNT).
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Fig. 2.12 TEM micrograph showing Si nanoclusters embedded in the silica matrix (left) and
the related cluster size distribution (right) of a 250 nm SiO; layer having been irradiated for
30 min by an electron beam of 5 keV and 2.7 A /cm?, [Salh et al. 2006].
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Fig. 2.13 CL spectra of electron beam modified SiO, showing in the near IR the fundamental
transition of c-Si at hv=1.1 eV, of 4-Si at 1.3 eV and a transition in Si nanocrystals (quantum
dots) at 1.6 eV.

In order to demonstrate the oxygen dissociation and the formation of ODC, and finally, of Si
clusters under electron bombardment we have carried out an additional experiment under
high dose electron irradiation. Therefore thin 250 nm-thick silica films have been prepared
by wet thermal oxidation on silicon wafers. Afterwards the silicon substrate had been
removed by mechanical milling and 3 keV Ar* ion etching. In this way self-supporting 250
nm thin silica films had been prepared for imaging in a transmission electron microscope
(TEM). More details of preparation are given in [Kolesnikova et al. 2005].

These films were modified by heavy electron beam irradiation: beam energy 5 keV, current
20 nA over an area of 3/4 pm? yielding a high current density of 2.7 A/cm2. Thus we may
assume electronic as well as thermal dissociation [Kolesnikova et al. 2005] of oxygen from
the thin SiO; layers and more and more the appearance of under-stoichiometric SiO,. This
SiO, will undergo a phase separation as described by eq.(2.4). After 30 minutes of electron
beam irradiation we observe Si cluster formation as presented in Fig. 2.12. The Si clusters
embedded in the silica appear as dark spots. Their size distribution is shown in the right
part of Fig. 2.12. There we see a most probable cluster diameter of 4 nm and a maximum
diameter of 10 nm. As it has already been shown in the context of formation of Ge
nanocrystallites in Ge-implanted silica, [Fitting et al. 2002b], such largely extended clusters
will diminish the Si-related luminescence. The right size for elementary small luminescent
clusters should be searched in intermediate regions, i.e. according to Fig. 2.10 between Si
dimers (ODC) and hexamer rings.

Fig. 2.13 shows the CL spectra of pure crystalline Si and the spectra of Si nanoclusters
embedded in the host silica. Luminescence bands are observed at around 1.1 eV and 1.3 eV
assigned to crystalline and amorphous silicon phases, respectively. Another band at 1.6 eV
is also to be seen after heavy electron beam bombardment in the SiO; structure. In spite of
extensive experimental and theoretical work during the last years, the light-emitting
mechanism which explains emission at 1.6 eV has not been fully understood yet. It is
believed that the oxygen-related light-emitting centers are positioned at the interface
between the Si nanoclusters and the host oxide [Prokes et al. 1998]. A broad CL emission
band is characteristic of Si nanoclusters. Although the spectra vary considerably in intensity
after longer irradiation, the peak position does not shift significantly, implying a similar
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mean size for the nanocrystals. No unique relation between the CL or PL emission energies
and Si nanocluster sizes has been reported in the literature making the quantitative
comparison of the results difficult [Wilkinson and Elliman 2004]. Other authors estimated
that 5 nm Si nanoclusters emit at 1.6 eV, while 3 nm Si nanoclusters give PL at 2 eV [Ledoux
et al. 2002]. On the contrary it was reported that 4 nm Si nanoclusters emit at 1.3 eV and the
1.6 eV PL correspond to very small sizes of about 1 nm [Iacona et al. 2000].
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Fig. 2.14 Normalized photoluminescence spectra showing a blue shift correlated with the Si

nanocrystal size, [Zacharias et al. 2002].

Recently Si nanocrystals have been fabricated by thermal treatment of SiO-5iO; nanolattices,
in a way which makes it possible to control not only the size but also the density and the
arrangements of the nanocrystals independently of the stoichiometry [Zacharias et al. 2002,
Yi et al. 2003, Torchynska 2006]. In this method a strong photoluminescence (PL) and a size
dependent shift of the PL position are shown as a proof of size control. A strong blue shift
from 960 nm (1.3 ev) to 810 nm (1.5 eV) with decreasing nanocrystal size was observed with
respective cluster sizes 3.8 nm and 2 nm, respectively, see Fig. 2.14.

3. Hydrogen implanted SiO,

Direct hydrogen implantation or exposure of SiO, to water vapor results in the appearance of
various OH bands, for example water molecules are known to form silanol (Si-O-H) groups
in the oxide [Bakos et al. 2004b], but the relative concentration of silanol to interstitial water
depends on the way the oxide was manufactured and subsequently treated, raising questions
about the most stable form of water in the oxide and the role of hydrogen in this reaction.
Hydrogen plays an essential role in the thermal oxidation process, either through the
interaction with point defects or as interstitial atoms in the SiO, network. Hydrogen can be
considered as an important accidental impurity or an intentional additive in all forms of silicon
dioxide which can passivate dangling bonds and produce high-quality interfaces [Rashkeev et
al. 2001]. Besides, it can reduce electrical activity of point and extended defects by inducing
grain boundaries and it saturates oxygen dangling bonds (NBOHC =Si—Oe) or the threefold-
coordinated SiO; defect (E -center =Sie), through the chemical reactions:

=Si-Oe (or =Sie) +He — =5i-O-H (or Si-H) 3.1)
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where " = " denotes the three bonds and " e " represents the unpaired electron. Atomic

hydrogen (H°) is unstable (mobile) above 130 K [Cannas et al. 2003b]. A variety of evidence
strongly indicates that the dominant anneal mechanism for this atomic hydrogen is
dimerization, (H°+H°—H,). Hydrogen can also enhance the diffusivity of impurities or
other interstitial atoms such as oxygen by forming water molecules. Water molecules are
known to form silanol =5i—-O-H) groups even at room temperature:

=Gi-Oe + H, — =5i-O-H + H° (32)

2=5i-Oe) + H,O — 2(=Si-O-H) + O° (33)

Despite the wide interest in the behavior of H, paired H configurations (Hz) and HO in
SiO;, the understanding of the atomic scale processes remains limited and the microscopic
identities of these electrically inactive H sites are the subject of intense debate. It is believed
that the effectiveness of many defect generation and transformation processes depend
critically upon sites where H can be trapped and released. We dedicate this section to
presenting our results with hydrogen implanted SiO; layers.

3.1 CL of hydrogen implanted silica (SiO2:H")

Besides the main luminescence peaks: red R, blue B, and UV an amplification of the yellow
luminescence Y at the region between 560 nm (2.2 eV) and 580 nm (2.1 eV) has been
recorded due to direct hydrogen implantation especially at RT, see Fig. 3.1. In both cases,
LNT and RT, the hydrogen implantation diminishes the red luminescence. Other authors
[Morimoto et al. 1996] have used nearly the same implantation parameters (dose and
implantation energy) as used in this study, and they reported the PL emission band at
around 2.2 eV without a detection of the 1.9 eV band. Similar results are also obtained with
He* implantation [Morimoto et al. 1996]. As we present in hydrogen-implanted layers, Fig.
3.1, a yellow luminescence Y at A=575 nm (2.1 eV) is dominating the spectra and only a weak
shoulder of the red luminescence appears. Here a high concentration of saturated bonds
=Si-O-H or =Si-H ) are expected, therefore the right hand side of eq. (3.1) is fulfilled where
the NBOHC (=Si-Oe) and E-center (=Sie) are initially saturated by the excess hydrogen
atoms. The =Si—-O-H bond is a good candidate to form NBOHC at room temperature in
hydrogen rich silica. The NBOHC is possibly produced by breaking the H bonds at high
annealing temperatures (T,>1000°C) or under electron irradiation [Kuzuu and Horikoshi
2005]. Direct hydrogen implantation or HyO molecule formation on the surface or in the
silica network are believed to be the main reasonable source of the Y luminescence [Fitting
et al. 2005b]; that means there are two aspects for the origin of this band.

3.2 Hydride (Si-H) and hydroxyl (Si-H-0) in SiO2:H*

Hydrogen is a ubiquitous impurity in SiO, therefore some authors consider it an intrinsic
defect. It is well known that hydrogen is present in all forms of silica. The wet oxide is
proposed to contain around 10 cm? OH groups (in the form of silanol or interstitial water
molecules), while the typical OH concentration in dry oxides is only 1016 cm-3.

Interstitial hydrogen does not form covalent bonds with the network, and the hydrogen
molecule does not react with the defect-free silica lattice [Blochl 2000]. It has no states in the
band gap of silica. Thus it may be difficult to activate the hydrogen molecule with UV light
in the absence of other defects. This result indicates that hydrogen molecules need to
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Fig. 3.1 Initial (1sec) and saturated (5h) and dose-dependent CL spectra of H* implanted
SiO; layers recorded at room temperature (RT) and liquid nitrogen temperature (LNT).

interact with defects in silica before they can be activated. That means interstitial H»
molecules could react at least with broken or strained silicon bonds, as

=Si---O-Si + Hy — =Si-H + H-O-5i= (3.4)

or

D + H; — =Si-H + H-O-5i= (3.5)

where D is an unspecified defect site. As we see, the product of the majority of the chemical
interactions proposed so far is saturated defects which can be a source (precursors) for
radiation induced defects later. In addition, hydrogen processing of the glass has been
found to greatly improve the radiation resistance because it is suspected to reduce the
number of precursors of radiation-induced defects [Brichard 2003]. It has been believed that
OH bonds make the silica system softer and better able to resist the creation of many kinds
of defects [Kuzuua and Horikoshi 2005].
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Fig. 3.2 Initial (1sec) CL spectra of H* implanted SiO; layer at different annealing
temperatures, 700<T,<1100 °C, recorded at RT and LNT.
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With additional hydrogen implantation we expect higher concentrations of both hydride
(2Si-H) and hydroxyl (£Si—O-H) in the whole network which we consider as a first
suspect for the dominant yellow luminescence in Fig. 3.1. If this hypothesis is correct, the
yellow luminescence should possibly diminish by eliminating hydrogen from the system.
Releasing hydrogen atoms even from amorphous material is previously reported by
thermal treatment [Pan and Biswas 2004]. The samples have been thermally annealed up
to relatively high temperature (T,) so that we can state that we were able to break the
hydrogen bonds and let an amount of hydrogen out. Fig. 3.2 shows a comparison between
the non-annealed and those thermally annealed. We found a slight change in the intensity
of the yellow luminescence at T,=700 °C at both RT and LNT, which means that T,=700 °C
is not enough yet to make a significant change in =Si-H and =Si—O-H concentration. But
by increasing the thermal annealing temperature to 900 and 1100 °C, we found a
considerable change in the CL spectra. We see diminishing of the yellow luminescence
and growing of the red luminescence R, leading us to the conclusion that T,>900 °C can
release hydrogen from both hydride and hydroxyl. The effective diffusion coefficient of
hydrogen and the rate of =5i-O-H and =Si-H in hydrogen rich silica glass have been
measured using Infrared spectroscopy [Lou et al. 2003]. It is found that the concentration
of both =Si—-O-H and =Si—H decreases due to sample thermal treatment, see Fig. 3.3. The
decrease in hydroxyl quantity is very slow at 750 °C compared with other higher
temperatures (1000, 1250 and 1500 °C). More and faster elimination of hydroxyl is
achieved by increasing the temperature. A similar change in hydride quantity is also
shown in Fig. 3.3. Our samples have been annealed for 3600 sec (the red vertical dashed
line in Fig. 3.3) in vacuum, up to this period of time and T,=1100 °C we can estimate that
around 80% of hydride and hydroxyl have been eliminated from the SiO»:H. In Fig. 3.4
(top), we signify the dose behavior of the yellow Y and the red R luminescence. The
yellow band intensity shows higher initial level in the non annealed samples, it decreases
by increasing T,, but it passes a maximum at around 100 sec of electron beam irradiation.
This means that other precursors for the yellow luminescence are produced. We consider
short-term-living water molecule formation in the network to be one of these precursors.
When H>O molecules dissociate under the electron beam irradiation the yellow band
starts to decrease.
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Fig. 3.3 Normalized residual quantities of hydride (=Si—H) and hydroxyl (£5i—-O-H) as a
function of heat treatment time in air. Open circle: 750 °C, filled circle: 1000 °C, open square:
1250 °C, filled square: 1500 °C, [Lou et al. 2003].



192 Crystalline Silicon - Properties and Uses

Contrary to the yellow luminescence, the red luminescence has much lower intensity in non-
annealed samples and rises with increasing annealing temperature T, until it shows the
same dose behavior as the non-implanted wet a-SiO; layers as articulated in the previous
section. We observe the same CL spectra and dose behavior of the red R luminescence in
SiO,:H as well as wet oxide SiO, samples at T,=1100 °C, see Fig. 3.4 (bottom). Finally we can
confirm the following production mode, eq. (3.6), of the non-bridging oxygen hole centers
(NBOHC, =Si—Oe), the source of the red R luminescence in wet oxide SiO», where hydrogen
and hydroxyl are present.

=5i-O-H — =5i-Oe + He (3.6)
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Fig. 3.4 The dose-dependent of the yellow band Y (top) and the red band R (bottom) in
SiOy:H at different annealing temperatures recorded at RT and LNT.

3.3 H20 molecules and the yellow luminescence

The interaction of water molecules especially with the surfaces of amorphous silica is of
great technological interest [Legrand 1998], and thus numerous studies have been devoted
to this issue focusing especially on IR spectroscopy. It is suggested that the possible
existence of small-membered (i.e. having a small number of members) Si-O rings on SiO»
surfaces are expected to be the reactive centers for the interaction with water and other
molecules [Mischler et al. 2005]. Additionally it is well known that water may dissociate on
SiO, surfaces resulting in the formation of silanol (=5i-O-H) groups. In particular it is
frequently believed that the silanol groups are a result of the interaction of water molecules
with small-membered rings [Mischler et al. 2005], see Fig. 3.5. Besides, some experimental
results in the literature [Morimoto and Nozawa 1999] suggest that the photon irradiation of
isolated =5i—-O—H can lead to the formation of some hydrogen bonds between the hydroxyls
and the H bonded =Si-O-H, which is decreased by heating to form once again isolated
=Si-O-H and some H may be released.
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Fig. 3.5 The speculated equilibria showing the interaction of HO molecules with surface
SiO; rings followed by a photochemical reaction of the =5i—O—H to the hydrogen bond. The
dotted red line indicates the H bonding between H and O atoms, [modified after Mischler et
al. 2005, Morimoto and Nozawa 1999].

Based on IR absorption spectra described by [Rinnert and Vergant 2003], the adsorption of
water is favored by silicon dangling bonds (E -center: =Sie) to form silanol groups not only
on the surface but also in the silica network. The reaction between water molecules and the
SiO; is supported too by the same authors, leading to the formation of two =Si-O-H.

With some complexities we were able to produce a thin layer of ice on the surface of pure
wet SiO; layer, whose CL behavior have presented in Fig. 3.6. Here we could measure the
CL spectra of ice together with the typical CL spectra of SiO», see Fig. 3.6. Very intense
yellow Y luminescence has been detected, even higher than the red R luminescence of SiO..
An additional sharper band in the UV range (\=370 nm) is also clearly seen. The width of
this band is much smaller than the conventional 4-SiO, band widths indicating a crystalline
structured H>O. The whole spectral shape presented in Fig. 3.6 is loses its outlined profile in
quite short time. We see that it is no longer possible to detect a luminescence band after
some thirty seconds, especially the sharp band at 370 nm is totally disappearing.

A photoluminescence band at 3.7 eV (=340 nm) has been reported in water-treated sol-gel
synthesized porous silica. The authors have correlated this PL emission band indirectly to
isolated silanols especially in the surface region [Yao et al. 2001], but others favored more
the interacting OH-related centers [Anedda et al. 2003b].
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Fig. 3.6 CL spectra of a thin ice layer (H>O) on SiO».

To determine whether the additional features presented in Fig. 3.6 belong to water
molecules on the surface or not, we performed the same experiment where a thicker ice
layer was produced on a metallic surface this time. To avoid any other influences coming
from the substrate material, the metallic substrate was examined first; it gave absolutely no
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CL signals in our sensitive detection region. The possibility of ice bilayers on metallic
surfaces has been reported previously [Ogasawara et al. 2002]. It was found that half of the
water molecules bind directly to the surface metal atoms and the other half are displaced
toward the vacuum in the H-up configuration.

Ice layers on a metallic substrate show similar initial spectra with both 570 and 370 nm emitted
CL bands; they start with very stable intensities but the intensities fall down rapidly due to the
heat produced by the electron beam where the ice layer begins to melt then, see Fig. 3.7.
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Fig. 3.7 CL spectra of thin ice (H>O) layer on a metallic substrate (left), the dose behavior of

the individual luminescence bands (right).

Thus we state that both the fast decreasing yellow Y band at 570 nm, 2.15 eV (formerly
called green-yellow band G) as well as the long-term irradiation Y band is the same
electronic state and all attributed to water. In the first case condensed water and ice
sublimate at LNT from the surface whereas the longer irradiation Y band is due to water
molecules formed in the SiO, network by radiolytic processes.

3.4 Hdrogen association in luminescence defects

Extrapolating from the facts presented up to now we can formalize a model for the different
luminescence properties of the radiation induced defects in 4-SiO», presented in Fig. 3.8. We
assume that strained bonds =5i—O - Si= in dry oxide and the hydroxyl species (£5i-O—-H)
in wet oxide are the prevailing main precursors of the red R luminescence associated with
non-bridging oxygen hole center (NBOHC: =Si—O).

During electron beam irradiation both precursors are transformed to NBOHC. We see that
the NBOHC centers produced in dry oxide increase up to a certain concentration obtained
by an equilibrium of center generation and electron beam induced dissociation to the E™-
center (=Sie) and mobile atomic oxygen Omoeb. The production and the role of mobile oxygen
have already been stressed by [Skuja et al. 2002 and Fitting et al 2002b]. There, a model and
respective rate equations are given for the temperature and dose dependence of both the red
R and the blue B bands. The re-association of mobile oxygen to the E’-centers and re-
creation of the NBOHC will increase the role of mobile oxygen and hydrogen. Experiments
had suggested that the =5i—-O-H is resisting bond breakage effectively at relatively short
irradiation time. Bond breakage might saturate only at sufficiently long irradiation time
[Kuzuu and Horikoshi 2005]. Different properties are shown by the wet oxide in Fig.3.8.
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Here the hydrogen is dissociated from the silanol group of the non-bridging oxygen bond,
eg. (3.6). But then the red luminescence of the NBOHC is destroyed by further electron beam
dissociation as in dry oxide too. The dissociated mobile hydrogen Hmo, may react with the
mobile oxygen Omeb to form molecules Hy, O,, and H>O on interstitial sites. These reactions
have been recently described [Bakos et al. 2004a]. There the authors underlined that water
and oxygen molecules are participating in various defect formation processes in thermally
grown SiO; films as well as in synthetic silica glasses. Formation energies and energy
barriers are obtained by first-principles calculations and compared for different reactions. A
part of the H atoms on the right-hand side of eq. (3.6) must form H> molecules through the
diffusion of H atoms in the silica network. In addition to H> molecules produced by this
mechanism, interstitial H> molecules are expected to exist in the sample. These H, molecules
and interstitial H, molecules could react with broken or strained bonds and form =Si-H and
=5i—O-H pair as in eq. (3.4).

The =Si—H structure on the right hand side of eq. (3.4) can be a precursor of the E-center
through the process expressed in the reverse of eq. (3.1). The amount of H> molecules
created by the irradiation must increase with increasing OH content. In addition to the
creation of hydrogen molecules from the =S5i—~O-H species, interstitial H, molecules exist
especially in the wet samples. Therefore, an excess amount of E -centers, relative to that of
NBOHUC, is induced as shown in Fig. 3.8.

Water molecules may cluster in the bigger voids of the oxide, ie., form hydrogen-bonded
complexes with each other and the silica network's O atoms [Bakos et al. 2004a]. In such cases
two H>O molecules may react with each other forming once more OH bonds. Thus, the red
luminescence is stabilized at some fraction of the number of OH bonds. This model of the
hydrogen effect is consistent with our previous model of center transformation based on the
mobile oxygen generation and re-association [Fitting et al. 2002b], and extends it by the
reactions of H, OH, and H;O with the radicals in the silica atomic network as shown in Fig. 3.8.
This model is supported by investigations of the yellow Y luminescence, where the yellow
luminescence at the beginning of irradiation at LNT is associated with sublimating ice from the
sample surface rather more probably than due to a self-trapped exciton (STE) luminescence as
often emphasized [Trukhin 1994]. Moreover, the yellow Y luminescence after longer
irradiation (2 As/cm?), especially in hydrogen implanted samples, could be associated with
water molecules H>O too, formed in radiolytic processes as demonstrated in Figs. 3.6 and 3.7.

4. Group IV elements implanted in SiO,

Ion implantation into glasses results in network damage and in compositional changes, it
modifies silica's physical properties such as density, refractive index, surface stress,
hardness, and chemical durability. Compositional changes can also occur due, e.g., to
radiation-enhanced diffusional losses of alkali ions, crystallization, phase separation, and H
incursion. Many authors [Hosono et al. 1990, Morimoto et al 1996, Fitting et al. 2002b,
Magruder et al. 2003] have implanted several kinds of ions in silica glass and found that ion
implantation causes an increase in refractive index by 1%-6% owing to the compaction of
surface region and to a chemical change in the structure of glass. It was deduced that this
refractive index change is caused by the formation of Si\ textendash Si homobonds, but not
by the decrease in Si-O-Si bond angle which leads to compaction. In addition to the
compaction, the chemical change in structure, and the formation of colloid particles, ion
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Fig. 3.8 Model of the red luminescent center (NBOHC) creation from different precursors in
"wet" and "dry" oxide. The center destruction and recombination by radiolytic hydrogen and
oxygen dissociation and re-association will lead to a dynamic equilibrium.

implantation in silica glass is always accompanied by the formation of defects, such as
oxygen vacancy, E ~center, NBOHC, and peroxy radicals, resulting not only in changes to
emission bands but also to the emission of new CL bands especially in the violet V or in the
ultraviolet UV regions.

Before we start reviewing our results, it is appropriate to keep in mind that there are species
which diffuse through the glass without modifying the structure of the matrix, and these are
called non-interacting elements. There are both interstitial and substitutional non-interacting
species. Species which modify the structure of the glass matrix are called interacting species
[Minke and Jackson 2005]. Carbon (C), silicon (Si), Germanium (Ge), tin (Sn) and lead (Pb)
are the dopants whose influence on silica's natural luminescence defects will be discussed in
this section. They are examples of non-interacting substitutional species. Since these
elements have similar bonding characteristics to silicon, they can replace silicon in the
matrix of the glass, without significantly changing the network structure. Substitutional
non-interacting elements diffuse much more slowly than interstitial elements. Ion
implantation results allow deeper understanding of the relationship of the structure to
dopand incorporations, which is important for the application of ion implantation wave
guide formation in optoelectronic applications.

4.1 Silicon implantation SiO,:Si*

To get started with the investigation of the implanted samples, we prefer to recognize
especially the surplus of atoms from the host material in this complex many body correlated
system. We report in this section our observation of visible-light emission at room
temperature from Si* implanted thermally grown SiO; layers on silicon substrates.
Cathodoluminescence measurements were performed on silicon implanted samples using
the same experimental parameters as used for the non implanted samples. As a result of
comparison between the CL spectra of the pure and Si* implanted SiO», we see a significant
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blue B luminescence emission (460 nm ; 2.7 eV) and an intense broad luminescent band in
the yellow Y region with a peak beyond 580 nm (2.1 eV) are observed especially after
annealing at high temperature (T,=900 °C), see Fig. 4.1. The ultra violet UV (290 nm ; 4.3 eV)
and the red R luminescence (650 nm ; 1.9 eV) are also present but with less influence due to
silicon implantation. Two additional luminescence bands can be anticipated, one in the
green G region at 490 nm (2.5 eV) and another in the red region at around 750 nm (1.65 eV).
Higher initial intensities in the thermally annealed samples were registered but all
luminescence were saturated to the same level as of the non annealed samples. The green
(490 nm ; 2.5 eV), yellow (580 nm ; 2.1 eV) and the additional red (750 nm ; 1.65) emission
bands are associated with the presence of silicon nanoclusters in the silica matrix.
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Fig. 4.1 CL spectra of pure and Si* implanted SiO; layers at room temperature (RT). The
initial spectra (red colored) is labeled by (1 sec) and the saturated by (1 h).

The presence of silicon nanoclusters (crystalline and amorphous) is confirmed by
transmission electron microscopy (TEM) and by means of EDX measurements.Recently,
some authors presented room-temperature photoluminescence data from silica layers
implanted with Si* ions of 160 keV energy excited using 292 nm excitation light from a 450
W xenon lamp [Mutti et al. 1995]. They showed the existence of a visible band peaked at 1.9
eV (620 nm) together with a broad band centered at lower energy 1.7 eV (730 nm) which was
present only after annealing at 1100 °C. They ascribed the 1.9 eV band to E” defects created
by ion implantation in the silica matrix, while they attributed the 1.7 eV band to the
presence of silicon nanocrystals.

4.2 Germanium implantation SiO,:Ge*

Typical CL spectra of Ge*-implanted silica layers at room temperature (RT) are shown in
Fig. 4.2. The main ultraviolet (UV) and violet (V) luminescence bands at 295 nm (4.2 eV)
and 410 nm (3.1 eV) respectively, and a green band around 535 nm (2.3 eV) are seen
predominantly on non-annealed samples even at low temperature. The well-known red
band appears also in our detection range but not as dominant band as in the standard
SiO; spectra. Previously we have demonstrated that the spectra of Ge-doped amorphous
SiO; layers are a mixture of SiO, and tetragonal GeO,. Whereas the red luminescence at
1.9 eV from the NBOHC of the SiO; matrix is conserved, the larger amplitude of the violet
band at 3.1 eV seems to be overtaken from tetragonal GeO, modification indicating a
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strong defect luminescence at the Ge dopant centers in the rutile-like tetragonal
coordination [Barfels 2001].
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Fig. 4.2 CL-spectra of Ge*-implanted (500nm) SiO; layers (implantation dose D=5x1016 cm-2
recorded at RT on the left hand side, demonstrating the huge violet band (V) at A=410 nm:
3.1 eV. The thermal annealing of the samples was performed at three different annealing
temperatures T,=700, 900, 1100 °C, as shown on the right hand side.

The CL spectra of pure undoped a-S5iO; and Ge*-doped are similar to the local intrinsic point
defect centers associated with the fundamental silicon dioxide defect structure. The energy
positions and widths of the red R and the UV CL emissions are the same for both specimen
types within the limits of experimental uncertainty, unless the violet band (\=410 nm, 3.1
eV) is considered to be a well seen fingerprint of Ge related defects and covering the blue
band (A~465 nm, 2.7 eV) of pure SiO». According to an earlier model [Skuja 1998], the violet
luminescence corresponds to the so-called twofold coordinated germanium luminescence
center ( =Geee ) which imperceptibly interacts with the host material atoms due to its poor
correlation in the silica glass network. However, this band could be also associated with
different phases of Ge, that is to Ge clusters as well nanocrystals located in the SiO; layer
[Fitting et al. 2002b], which can remarkably grow in size with increasing post annealing
temperature. In the absence of Ge impurities, the luminescent emission component observed
between 3.1-3.3 eV in oxygen deficient silica has been attributed to the recombination of a
hole trapped adjacent to a substitutional charge-compensated aluminum ion center
[Stevens-Kalceff 1998].

Furthermore, Fig. 4.2 (right) shows the CL spectra of the Ge*-implanted sample annealed at
700, 900, 1100 °C for 1 hour in dry nitrogen. The large emission band at 3.1 eV due to the
germanium implantation is observed and the intensity of this peak increases up to a factor
of 10-50 with increasing annealing temperature (T;), but it decreases rapidly with increasing
irradiation time. The concurrent changes in the various bands of the emission spectra due to
the Ge implantation are shown in Fig. 4.3.

With increasing annealing temperature up to T,=900 °C the CL intensity strongly increases.
Exceeding the annealing temperature up to 1100 °C, ie. to the original oxidation
temperature, the CL intensity is reduced again and the green luminescence intensity at 535
nm is terminated (totally annealed), contrary to the violet (V) luminescence band which still
shows an enormous presence in the CL detection range. Also we see that NBOHC fades
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away with increasing annealing temperature (Fig. 4.3). That could be somehow a reason of
activation of various interstitial atoms at high temperatures, where electron spin resonance
(ESR) experiments have shown that the thermally activated diffusion of mobile interstitial
species can result in the annealing of defects involved in luminescent processes [Griscom
1990b]. As we stated, the violet luminescence is related to different states or phases of Ge,
namely to GeO; dissolved in the near SiO; surface region and to Ge nanocrystals [Rebohle et
al. 2002a] located in the SiO; layers, see Fig. 4.4, which may be partially oxidized at their
interface to the surrounding amorphous SiO; matrix. The nanoclusters size are growing
with annealing temperature from 2-4 nm at T,=900 °C to 5-10 nm at T,=1100 °C as shown in
Figs. 4.5 and 4.6.
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Fig. 4.3 CL bands red (R:1.9 eV ), green (G:2.4 eV), violet (V:3.1 eV) and (UV:4.2 eV) from

Ge*-implanted SiO; layers after different annealing temperatures T; as a function of

irradiation time; CL measured at RT.

High resolution TEM micrographs shown in Fig. 4.5 reveal a spherical shape of Ge
nanocrystals in silica, in contrast to the shape of nanocrystals in other crystalline host
material. This is apparently the result of the anisotropy of the amorphous silica matrix.
Further experimental analysis of the orientation relationships between the nanocrystals and
the crystalline matrix shows that there is no fixed relationship of orientation between the
nanocrystals and the host [Xu et al. 2005]. A closer look at the highly resolved area is
obtained (marked by light colored circles) in Fig. 4.6 where higher magnification was
applied. The white circles enclose some of the nanocrystals visible under this magnification.
The crystalline structure (lattice) pattern of germanium nanoparticles is clearly
distinguishable from the amorphous host, in some areas similar even smaller crystal lattices
overlap each other. The host matrix remains in amorphous phase surviving the implantation
and thermal annealing.

The size distribution of the Ge nanocrystals was obtained through a laborious TEM effort of
a micrograph of very thin cross-sectional TEM specimen, and then followed by manually
measuring the size of the nanocrystals. The result is shown in Fig. 4.7. The dark bar
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Fig. 4.4 Electron beam excitation densities in SiO; layers on Si substrate for different beam
energies E, allowing a CL depth profiling. Here we show the Ge* implanted SiO; in the
mean projected range R,=250 nm by an ion energy Ece+=350 keV shown by the shaded
Gaussian shaped region. On the right hand side a scanning transmission electron
microscope (STEM) image of the same sample showing the actual Ge cluster profile after
thermal annealing.

T,=900 °C T,=1100 °C

Fig. 4.5 Scanning transmission electron microscope (STEM) images of germanium implanted
SiO, sample annealed at: T,=900, 1100 °C, showing the actual size of the Ge clusters.

histogram shows the size distribution of Ge nanocrystals embedded in silica produced at
T,=1100 °C and the light bars are the size distribution of nanocrystals formed at T,=900 °C.
The Ge nanocrystals at higher temperatures are larger on average and have a wider size
distribution than those formed at lower temperatures, as it was expected. The size
distribution of the germanium particles in the silica system is near-Gaussian-shaped,
corresponding to average diameters of 3 nm and 6 nm for T,=900 and 1000 °C, respectively.
The cluster density is also shown in Fig. 4.7, where the cluster concentrations are
N=4.6x1017 and 2.6x1017 cm? for T,=900 and 1100 °C, respectively. It is expected that
thermally treating the samples is not the only reason for nanocluster formation but also
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Fig. 4.6 HR-TEM micrograph of Ge-implanted SiO» layers after 1 h anneal at 900, 1100 °C.

Selective areas in the host matrix showing the growing of the crystalline Ge spots with
increasing temperature.
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Fig. 4.7 Germanium cluster diameter and separation distance distributions: the correlated

cluster concentrations are N.=4.6x1017 and 2.6x1017 cm-3 for T,=900 and 1100 °C,
respectively.

heavy electron beam irradiation, where Ge atoms diffuse faster in the more damaged area
caused by the irradiation. Large nanocrystals are thus formed, whereas in the area where Ge

atoms are less mobile, smaller nanocrystals are formed.

Based on the assessments specified in this section , we are presenting a model in Fig. 4.8 of
the annealing process forming Ge aggregates with an optimum size for a maximum
luminescence at annealing temperatures near T,=900 °C. For higher annealing temperatures
T,21100 °C the cluster or crystal growth has continued, thus their luminescent surface or
surroundings in their sum has been reduced, i.e. the overall luminescence efficiency
decreases. Simultaneously the specific depth of luminescent Ge clusters, however now in a
lesser amount, has shifted towards the surface, whereas at greater depths we find bigger Ge
crystallites but much less effective in luminescence than the smaller clusters.
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Fig. 4.8 Schematic presentation of the luminescent center depth profile as a function of post
annealing temperature T, (above) and the supposed depth distribution of Ge nanocrystals
(below) with an optimum size for maximum luminescence (middle part).

4.3 Carbon implantation SiO,:C*

Carbon implantation, like other ion implantations, produces many different chemical
reactions. It has been observed that the implanted carbon in silica can form carbon dioxide
(CO») and carbon monoxide molecules (CO) [Perez-Rodriguez, et al. 2003]. It is intriguing
that the CO and CO, formed in the silica matrix have a very different spectroscopic
behavior from that of the gas phase molecules. These differences may reveal the unique
physical statuses of the CO and CO, embedded in the matrix. C* implantation is usually
combined with Si* implantations (Si rich SiO; layers), whereas in SiO; layers implanted
only with C* ions, it has been evidenced early on that a severe drawback consists in the
strong outdiffusion of the implanted carbon during the thermal process. This is caused by
the formation of highly mobile CO species. Accordingly, these phenomena could be
prevented by annealing under high-vacuum conditions. However, the most interesting
approach to stabilize the implanted C profile is the previous existence of a high Si
supersaturation, which enhances the interaction of both C and O atoms with the Si atoms,
and prevents the formation of C—O bonds. In this respect, we discuss the CL spectra of C*
implanted silica.

High dose sequential implantation of C* ions into the SiO, oxides followed by high-
temperature annealing (T,=900 °C) probably results in the mixture of violet-blue-green-
yellow luminescence. The observed visible luminescence bands have been correlated
with the implant and annealing conditions and with the microstructure of the processed
films.
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Fig. 4.9 CL-spectra of C*-implanted (500nm) SiO; layers (implantation dose D=5x1016 cm-2
recorded at RT and LNT. The sample was thermally annealed at T,=900 °C.

Fig. 4.9 demonstrate the CL spectra of C* implanted SiO; layers at room temperature (RT)
and liquid nitrogen temperature (LNT). A significant difference due to the measured
temperature change has not been registered. In general, it is more similar to the CL spectra
of Si+ implanted silica than Ge* implanted silica (Figs. 4.1 and 4.2). Here we see a significant
blue B luminescence emission (460 nm ; 2.7 eV) and an intense broad luminescent band in
the green-yellow G/Y region with a peak beyond 565 nm (2.2 eV). The ultra violet UV (290
nm ; 4.3 eV) and the red R luminescence (650 nm ; 1.9 eV) are also present but with lower
intensity than in pure SiO». The expectation of another red luminescence at around 750 nm
(1.65 eV) is also possible. The only difference between the CL spectra of Si* and C*
implanted samples are that two additional luminescence bands in UV and V regions are
excited. One is at 335 nm (3.7 eV) and the other at around 395 nm (3.1 eV). Luminescence at
335 nm is reported in AlGaN [Riemann et al. 2002], in LuzAlsOs2 films [Zorenko et al. 2005]
and even in crystalline SiO, (a-quartz) coated with LiNbOs [Siu et al. 1999], but never in
normal or carbon implanted silica. The violet V luminescence comes into view at a lower
wavelength, 394 nm, where this luminescence band was detected in the wavelength range
400-410 nm in other implanted silica layers, as we have already demonstrated in Ge*
implanted SiO;. We found this band in all ion implanted samples which means that the
violet luminescence is not only created due to a specific ion kind implanted in silicas but
part of it arises from the network damage caused by the ion beam bombardment. Here the
intensity of the V band is lower compared to CL spectra of other ion implanted samples
presented in this study. We propose that some carbon atoms have been diffused out of the
network due to samples thermal treatments.

The intense room-temperature luminescent bands from the blue up to the yellow spectral
region as a result of C* ion-implantation processes into SiO- layers have been reported by
several authors [Zhao et al. 1998, Yu et al. 1998, Rebohle et al. 2001b]. There is a general
consensus in assigning these bands to the formation of C-related nanoparticles. The green-
yellow luminescence band (2.0-2.2 eV) was also observed in the C* implanted SiO; layers. In
this case, the intensity of the luminescent band was well correlated with the contribution of
carbon-related nanoclusters. A luminescence band at higher energies, in the range of 2.7 eV,
has also been reported from carbon graphite-like nanoparticles embedded in SiO; layers
synthesized either by ion implantation [Yu et al. 1998, Gonzalez-Verona et al. 2002] or by
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sputtering deposition of C-rich oxides [Zhang et al. 1996] followed by thermal annealing.
The blue luminescent band is also characteristic of SiC-related crystalline nanostructures, as
porous SiC [Ma et al. 2000]. Furthermore, some authors have analyzed the PL emission from
C* implanted SiO; and they attributed the luminescent bands in the blue region to the
formation of amorphous clusters of SiyCiyOx complexes [Rebohle et al.2001b]. The
microstructure of carbon implanted silica was investigated by Auger electron spectroscopy
(AES) and transmission electron microscopy (TEM). Amorphous nanostructures with a size
between 2 and 3.5 nm were found in a depth region between 80 and 150 nm below the oxide
surface. Strong photoluminescence (PL) around 2.1 and 2.7 eV has also been observed after
excitation at 4.77 eV as an indication of nanoclusters [Rebohle et al. 2001b].

4.4 Tin implantation SiO,:Sn*

The implantation of Sn ions into SiO, layers has been studied in connection with the
formation of defects and nanostructures exhibiting intense visible and ultraviolet
Cathodoluminescence (CL). The spectra of Sn* implanted SiO, is dominated by a strong
violet V emission band with the intensity maximum at about 400 nm and a faint shoulder of
the blue luminescence at its usual position in SiO, spectra (around 460 nm), see Fig. 4.10. It
seems that another UV band is overlapped with the UV band detected previously at 290 nm,
or it could be that the 290 nm luminescence band has shifted to a higher wavelength
position at around 320 nm. An emission band at 320 nm is attributed to bulk tin dioxide
[Lopes et al. 2005a, Calestani et al. 2005]. Tin dioxide (SnO;) is an n-type semiconductor with
a wide band gap (E;=3.6 eV at 300 K) and is particularly important for many electronic
applications. At low temperature (10 K) the intensity maximum of the UV band experiences
a blue shift of about 10 nm.
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Fig. 4.10 CL-spectra of Sn*-implanted (500nm) SiO; layers (implantation dose D=5x10¢ cm-2)
recorded at RT and LNT. The sample was thermally annealed at T,=900 °C.

A broad band G peaked at about 530 nm is revealed in room temperature (RT) CL spectra;
this band was assigned to Sn nanobelts (or Sn rings) with a lateral dimension 50 nm to 1000
nm. Smaller nanobelts were assigned with longer wavelength position in the CL spectra. At
LNT the G/Y shifts 15 nm forward to the red region. In addition, the formation of a rather
dense array of Sn-rich nanoparticles presenting a narrow size dispersion and located within
the oxide but very close to the SiO,/Si interface has been observed [Lopes et al. 2005a]. More
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recently, it has been shown that the annealing atmosphere also influences the microstructure
development of Sn* implanted silica layers, with significant effects in blue-violet PL
response [Lopes et al. 2005a]. Sn* implanted samples were thermally annealed at T,=900 °C.
The CL bands in the V, B and G regions were associated with oxygen deficiency centers
ODC created during the implantation and annealing processes [Rebohle et al. 2000], and
probably assisted by the development of the nanoparticles system.

Data from literature [Hu et al. 2002, Hu et al. 2003] report on the evidence of broad PL
optical bands from SnO; nanobelts in visible wavelength range from 400 nm to 600 nm. The
nature of the transition is tentatively ascribed to nanocrystals inside the nanobelts or to Sn or
O vacancies occurring during the growth which can induce trapped states in the band gap
[Wu et al. 1997]. Other authors [Gu et al. 2003] present absorption and PL luminescence
spectroscopy on SnO; nanoparticles showing an absorption edge at 300 nm. The same
authors show two distinct PL emissions at 400 and 430 nm which are tentatively attributed
to Sn interstitials or dangling bonds and to oxygen vacancies respectively.

The indication of the presence of doping-related oxygen deficient centers (ODC's) was
obtained from the 5 eV absorption band. This band is supposed to arise from twofold
coordinated silicon (=5i) cation sites in pure silica, and =Ge or =Sn sites in Ge* doped and
Sn* implanted silica [Skuja 1992a, Anedda et al. 2001], as evidenced by polarized
photoluminescence and lifetime data of the emission excited in this band [Skuja 1992a].

In particular, we showed that Sn* doping can give rise to strong and thermally stable
luminescence bands. However, it is not clear whether the microscopic mechanisms involved
are those proposed to be responsible for the photosensitivity of Sn* doped silica
photoconversion of optically active defects induced by doping and structural compaction of
the doped host network.
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Fig. 4.11 CL-spectra of Pb*-implanted (500 nm) SiO; layers (implantation dose D=5x1016 cm-2)

recorded at RT and LNT. The sample was thermally annealed at T,=900 °C.

200

The red R luminescence (655 nm) is partially eliminated due to Sn* implantation. A probable
IR CL band can be seen in Fig. 4.10. No evidence of CL or PL emission at 760 nm is,
however, reported.

4.5 Lead implantation SiO;:Pb*
The CL spectrum of the Pb* implanted sample is shown in Fig. 4.11. Both Sn and Pb are
classified as metallic substances in contrast to the other dopands presented in this section.
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Pb* implantation creates defect centers providing more intense luminescence in the violet-
blue region. Here, two UV bands are detected; one is the UV of the SiO, matrix at 290 nm
with very low intensity and another, for sure due to Pb implantation at 370 nm. Contrary to
the violet band detected in Ge and Sn implanted silicas, the violet band in Fig. 4.11 is shifted
towards longer wavelengths (425 nm) and showing lower intensity than the blue
luminescence at 455 nm. We were anticipating the existence of a luminescence band at
exactly at 500 nm and even in pure SiO,. Pb* implantation enhanced this band significantly
at RT. The blue and the green bands suffered red shifts when the measurement's
temperature was changed to LNT.

All bands labeled in Fig. 4.11 were going through destructive modes where their intensities
dropped considerably in the first seconds of irradiation and they never recovered again as it
is often happens in pure SiO, CL spectra. The bands in the shorter wavelength than the red
are often ascribed to nucleation of the dopand atoms in silica, therefore we expect different
forms of Pb aggregates which destroyed under the electron beam irradiation, can be the
main precursor of these bands.

The famous red band (655 nm) has lost fractions of its intensity because of Pb* implantation
but it goes via destructive and creation modes simultaneously, where the NBOHC is
saturated by the dopands and followed by liberation from the dangling oxygen bonds under
heavy electron bombardment.

5. Group VI elements implanted in SiO,

The visible cathodoluminescence from Si and its substitutional atoms at room temperature
and liquid nitrogen temperatures have been presented in the previous section. In this
section we will report the luminescence emission characterizing oxygen ion-implantation in
a-Si0; layers under electron beam excitation. Moreover some other elements (sulfur and
selenium) from group IV which are supposed to replace some of the oxygen atoms in the
silica matrix are important for better understanding of oxygen related radiation processes
and the structure and electronic state of respective defects while oxygen diffusion and
chemistry in SiO; are most important for silicon-based microelectronics.

5.1 Oxygen implantation SiO,:0*

The typical CL spectra of wet SiO; is dominated mainly by bands: red R (650 nm, 1.9 eV),
blue B (460 nm, 2.7 eV), and UV (290 nm, 4.3 eV) besides we recognize a yellow band Y (570
nm, 2.2 eV) at LNT decaying very rapidly at the beginning of the electron beam irradiation
and CL excitation, but appearing and increasing at RT after a longer time of irradiation. We
could relate some of these bands to special luminescence defect centers. Defects rolled or
influenced by addition of oxygen are shown in Fig. 5.1 where the CL spectra of an oxygen
implanted SiO; layer are presented. Direct comparison between Fig. 5.1 and the CL on non-
implanted (pure) SiO, shows that the changes are in the red luminescence region and no
extra modification in the other regions of the spectra. This serves to confirm the origin and
the structure of the NBOHC where more strained silicon-oxygen bonds can transfer to
=Si-Oe and more interstitial oxygen can be produced depending on the implantation doses.
The red luminescence is not only associated with the NBOHC but also associated with
interstitial oxygen [Skuja et al. 1994a].
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Fig. 5.1 CL spectra of non-annealed and annealed (T,=900 °C) O* implanted SiO» layers at

room temperature (RT). The initial spectra are labeled by (1 sec) and the saturated by (1 h).

5.2 Selenium implantation SiO,:Se*

Se* was isoelectrically implanted with regard to oxygen. Fig. 5.2 shows the CL spectra
obtained from the SiO; layers implanted by Se* and annealed at 900 °C. Once again no
change is found in the UV luminescence; it is appearing at the same position with low
intensity, also the violet luminescence due to Se implantation this time at 410 nm.
The blue luminescence is also located clearly at 460 nm. The red and yellow
luminescences are enhanced by Se* implantation, and both bands seem to be from the
same origin as in pure SiO, where both have the same tendency during electron beam
irradiation at RT and LNT.
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Fig. 5.2 CL spectra of non-annealed and annealed (T,=900 °C) Se* implanted SiO; layers at
room temperature (RT) and liquid nitrogen temperature (LNT). The initial spectra are
labeled by (1 sec) and the saturated by (1 h).

5.3 Sulfur implantation Si0,:S*

Defect centers in sulfur-implanted silica layers differ considerably from those observed in
other implanted samples. Fig. 5.3 shows the cathodoluminescence spectra of S* doped SiO»
at room temperature (RT) and liquid nitrogen (LNT) as well as their time dependence.
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Obviously, the high violet intensity V at =405 nm is assigned to sulfur S* implantation.
Moreover, a sharp and intensive multi-step emission in the green-yellow-red-nearIR (500-
820 nm) region is observed for these layers. The exact band positions in wavelengths and
energies are given in Table 5.1.

The UV band (290 nm) has been observed at the same position in both samples as well as in
pure SiO.. Moreover, after longer irradiation of about 1 min, i.e. an electron beam dose of 0.3
As/cm?, the multiplet structure disappears and the characteristic red band R (660 nm) of
the NBOHC in SiO; becomes visible besides remaining components at the blue band B (460
nm) position and in the yellow region at 560 nm and 590 nm. On the other hand, the
sulfur-associated violet band V (405 nm) still remains visible.

Analyzing the multiplet (MP) band structure according to the data listed in Table 5.1, we
find that the energy differences between the sub-bands start from 0.14 eV in the green
region and then decreases to 0.12 eV in the red region up to 0.11 eV in the near IR. Thus the
mean step width amounts to about 120 meV. This energy difference may correspond to a
series of almost equidistant vibration levels of non-saturated sulfur radicals =Si-Se or
=5i-O-Se formed during implantation and thermal annealing analogously to the red R
band center of the non-bridging oxygen (NBOHC) =Si—Oe in pure SiO».
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Fig. 5.3 CL spectra of non-annealed and annealed (T,=900 °C) S* implanted SiO; layers at
room temperature (RT) and liquid nitrogen temperature (LNT). The initial spectra are
labeled by (1 sec) and the saturated by (1 h).

Even the MP step widths decrease with lower photon energy, beginning with AE=140 meV
at huv=2.48 eV and dropping to AE=110 meV at hv=1.51 eV, indicating a widened (sub-
quadratic) potential curve of the luminescence ground states with compressed higher
vibration levels imagined in terms of the adiabatic configuration coordinate model.

5.4 Investigation of the multimodal luminescence
Before attributing this effect to sulfur implantation, we should prove whether the structured

spectrum is indeed true or arises from some experimental artifacts. We considered the
second argument in our first analysis, where contaminated layers especially at low
temperature measurements, interference (Fabry-Perot type) in thin films, and monocrystals
as quantum dots could also cause such effects temporarily. The measurements of the CL
spectra of the S* implanted sample have been repeated many times and under different



Silicon Nanocluster in Silicon Dioxide: Cathodoluminescence,
Energy Dispersive X-Ray Analysis and Infrared Spectroscopy Studies 209

experimental conditions; the results were always the same. Samples annealed at higher
temperatures still showed resolved multimodal bands, see Fig. 5.4, but the structured area
was less sharp, indicating a destruction of the centers causing this effect. Then any
experimental artifacts are definitely excluded.

Cluster formation is always expected especially when the samples are annealed at
temperatures exceeding 900 °C. We found no traces of sulfur clusters in our samples. Fig. 5.5
shows a STEM micrograph of the S* implanted silica layer in the same magnification as used
to detect Ge cluster (Fig. 5.4). S* implanted silica is rarely reported in the literature. Some
authors reported their PL results of S* doped in 1 mm thick optical fiber disks; the sulfur
content was 0.05 wt% which corresponds to 2x1019 atoms/cm3. They attributed a similar
structured luminescence spectra but at a lower energy region (300-500 nm) to S; and S*;
interstitial molecules [Zavorotny et al. 2001, Gerasimova et al. 2002]. But afterwards they
concluded that the irregular intensity distribution of vibrational components of the PL
excitation band indicates that the color centers responsible for this band belong not to a
diatomic molecule with one vibrational frequency but to a polyatomic molecule whose
vibrational spectrum is formed by a combination of three vibrational frequencies.

Sio, Si0, :S
AMnm hvleV AMnm hvleV  AE/meV
uv 290 4.3 uv 290 4.30
B 460 2.7 \ 405 3.10
Y 570 22 500 2.48
R 660 1.9 530 2.34 140

Y 560 2.21 130
590 2.10 110

MP 630 1.97 130
R 670 1.85 120

715 1.73 120

765 1.62 110

IR 820 1.51 110

Table 5.1 Luminescence bands and multiplet states (MP) in SiO; and sulfur implanted SiO5:S.

It is for this reason that they later attempted the multimodal structured spectra with the SO
molecule [Gerasimova 2003]. Whether this hypothesis is correct or not, we see a direct
connection between the multimodal structured luminescence and oxygen atoms where
sulfur atoms are supposed to substitute oxygen in the matrix and then more oxygen in
interstitial sites is expected because over-stoichiometric SiO, with x>2 does not exist.
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Fig. 5.4 Room temperature (RT) CL spectra of annealed S+ implanted SiO; at higher
temperature (T,=1100 °C).
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Fig. 5.5 STEM micrograph of the S* implanted silica layer annealed at 900 °C showing no
evidence of sulfur clusters.

In order to avoid water formation and binding of oxygen we have chosen dry oxidized SiO»
layers to run our test. Oxygen atoms were implanted in a thinner (d,x=100 nm) dry SiO»
layer with lower energy (20 keV) and lower doses (3x1016 cm-). Thus the overall CL
intensity is about one order of magnitude lower than in 500 nm thick wet oxidized layers,
Fig. 5.6. Surprisingly we found the same multiple regular-shaped structure from the green G
over the yellow Y and red R regions into near infrared IR in the same peak positions, when
the sample was annealed at 1000 °C. And no trace of the violet luminescence was to be seen,
see Fig. 5.6. Such structural spectra are never recorded even by using different compositions
of non-implanted SiO; layers.

This leads us to the conclusion that not sulfur but oxygen should be the source of these
multimodal spectra. As already declared, oxygen is responsible for the red R luminescence
in SiOs.

Looking to the literature, we found excitation [Rolfe 1979] and emission spectra [Ewig and
Tellinghuisen 1991] of the negatively charged oxygen molecule O ; on interstitial sites in
alkali halide crystals. The ground electronic state and several low-lying excited states of the
superoxide ion O > have been studied by multi-configuration self-consistent fields (MCSCEF),
see Fig. 5.7. For comparison, the ground state of the neutral O, molecule was also
considered. Parallel computations were carried out for the species in vacuo and in a
simulated KCI crystal lattice (in lattio). Computed spectroscopic parameters are in good
agreement with experiments for X and A states of O ; in vacuo. In Fig. 5.7 there is also
substantial agreement between the computed energy curves for both the ground X and the
excited A states in a point-charge lattice and those measured in alkali halide lattices.
Further, the spectroscopic parameters of the electron scattering resonance states in vacuo
agree well with those of the analogous lattice-stabilized excited electronic states in the solid.
There is a typical absorption from the ground state X to the excited state A of about hv=5.1
eV corresponding to the red R luminescence excitation associated with the NBOHC [Skuja
1994a). Moreover, the related luminescent transition from A—X shows the red R
luminescence at about hv=2 eV. Looking to vibronic levels within the potential configuration
curves, we see levels of about 120 meV step-widened towards higher energies, i.e towards
the green G region, Fig. 5.7. Thus we should prefer the explanation of the multimodal
spectra by means of electronic-vibronic spectra transitions as given by the common
configuration coordinate model of luminescence. All transitions appear in good agreement
with the multimodal CL spectra of SiO»:O and SiO»:S layers shown here. Therefore we favor
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the interstitial O » model for the multimodal CL structure and may reject the concept of a
photonic crystal structure as proposed in [Bailey et al. 2005] as well as effects of quantum
confinement as reported recently for GaAs quantum dots in [Rodt et al. 2005]. Of course, in
the latter case of GaAs or other nanostructure materials even other molecule formations
should be taken into account as possibly responsible for different but similarly shaped
multimodal structures of luminescence spectra.
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Fig. 5.6 CL spectra of non-annealed and annealed (T,=700, 900, 1000, 1300 °C) O* implanted
SiO; layers at room temperature (RT) and liquid nitrogen temperature (LNT). The initial
spectra are labeled by (1 sec) and the saturated by (1 h).
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Fig. 5.7 Comparison of MCSCEF in lattio (cycles) and in vacuo (triangles) energies with
experimental Morse curves derived from analysis of absorption, excitation and
luminescence spectra of O » in NaCl; vibronic levels are indicated by bars [Ewig and
Tellinghuisen 1991]

6. Conclusions

The investigation of the present work are extended to various electronical and optical
modifications of silica SiO; layers as they are applied in microelectronics, optoelectronics, as
well as in forthcoming photonics. Electron irradiation of 4-SiO; layers induces chemical
defect reactions dependent on the sample oxidation procedure, thermal post-annealing and
CL excitation temperature. The red luminescence R (650 nm ; 1.9 eV) is associated with the
non-bridging oxygen hole center (NBOHC: =Si-Oe) whereas the blue luminescence B (460
nm ; 2.7 eV) and the ultraviolet band UV (4.2 eV ; 295 nm) are attributed to Si-related oxygen
deficient centers (Si-ODC). CL spectra of hydrogen-free (dry-oxidized) and hydrogen-rich
(wet-oxidized) samples have shown significant differences especially in the red region.
Hydrogen and hydroxyl groups during wet oxidization increase the intensity of the red
luminescence center, where exposure of SiO, during the oxidation to water vapor results in
the appearance of various OH species (Si-O—-H, hydrogen bonded OH, H>O and the Si-H
bond). Thus the dose-dependence of the red R luminescence in wet and dry oxides differs
significantly, decreasing in wet oxide from a high initial level down to saturation and
increasing in dry oxide from almost zero to saturation. The initial decrease in the red
luminescent NBOHC concentration is indicating a recombination of NBOHC with different
types of hydrogenous species. In dry SiO; the strained bonds (=Si-O:-Si=) and their
electron beam-induced rupture are the precursors for the NBOHC. The mean lifetime of the
red luminescence in wet oxide 7=(4.7+0.2)ps is almost the same as in dry oxide r=(5.3+0.2)ps.
Additional hydrogen ion implantation into SiO, diminishes the intensity of the red
luminescence R because of hydrogen saturation of NBOHC, but magnifies the yellow
luminescence Y to very high intensity, even higher than the intensity of the red
luminescence. In hydrogen implanted SiO, the yellow Y luminescence appears after
irradiation doses of about 2 As/cm? and we may propose that this band is due to water
molecules in the SiO, network formed by mobile radiolytic hydrogen and oxygen. A
comparison with the CL of water (ice) layers supports this hypothesis.

Understoichiometric SiO, layers with x<2 of oxygen deficit or silicon surplus are prepared
by means of thermal evaporation of silicon monoxide SiO; in different ambient oxygen
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atmospheres. The stoichiometric degree varies between 1<x<2 and was determined by FTIR
calibration measurements by means of the respective shift of the Si—O-Si stretching mode.
CL spectra of SiO, begin to show first typical silica luminescence bands at a stoichiometric
threshold of about x>1.4. Thermal annealing of these layers and electron bombardment lead
to a partial phase separation of SiOx into atomic Si fragments and clusters in a nearly
stoichiometric SiO, matrix. This process is correlated with the different luminescent centers
in amorphous SiO». Especially the yellow luminescence 2.1 eV seems to be associated with
silicon hexamer rings in under-stoichiometric SiO,. Probably they represent the first step of
Si nanocrystal formation. Further on, Si clusters can grow to a size of several nanometers.
The size distribution, shown by TEM micrographs, exhibits a most probable diameter size of
4 nm and a maximum diameter up to 10 nm. Our results provide evidence that at least two
distinct defects are responsible for the yellow luminescence Y at 2.1 eV in silica. The first in
wet and H-implanted SiO» is due to high H>O molecule content which can be removed by
thermal annealing until it behaves like normal wet SiO.. The second defect for the yellow
luminescence in dry SiO, (where almost no H or H>O exist) could be due to oxygen deficient
centers in the form of silicon fragments or small rings in the SiO, network.

To investigate whether the different luminescent centers are related to oxygen or to silicon,
we have compared non-stoichiometric SiO; layers produced by direct oxygen or silicon ion
implantation. Thermally oxidized SiO, layers of 100 and 500 nm thickness have been
implanted with different kinds of ions with a dose 3x10%¢ and 5x10%¢ jons/cm?, respectively,
leading to an atomic dopant fraction of about 4 at.% in the middle, i.e. the half depth of the
SiO; layers. Oxygen implantation as well as, on the other hand, direct silicon implantation
led to an oxygen surplus as well as an oxygen deficit, respectively. As the main
experimental results we could state: Oxygen surplus increases the red band R in SiO, but
does not affect the blue band B. Silicon surplus increases the blue luminescence B, but
reduces the red band R. So it is verified that the red luminescence R is an oxygen related
center stated as NBOHC and the blue luminescence B is a silicon related oxygen deficient
center Si-ODC.

In Ge*-implanted SiO; a huge violet band V (3.1 eV ; 410 nm) appears and is associated with
the Ge-related oxygen deficient center Ge-ODC. It dominates the luminescence spectra,
covering the original blue band B (Si-ODC) of the SiO, matrix. Further on, the V band shows
a large increase after thermal annealing. Thus thermal annealing around temperatures of
T,=900 °C increases the violet luminescence of the Ge-ODC by more than two orders of
magnitude. Thus the Si-ODC's as well as the Ge-ODC's are formed by Si and Ge molecules
clustering to certain low-dimension fragments: dimers, trimers and higher aggregates. With
further annealing at higher temperatures, Si and Ge nanocrystals are formed embedded in
the amorphous SiO, matrix, and the blue B and the violet V luminescence begin to decrease
again. The nanocluster size grows with annealing temperature from 2-4 nm at T,=900 °C to
5-10 nm at T,=1100 °C.

Further on, heavy electron beam bombardment of SiO, with doses of 2.7 As/cm? and
associated oxygen dissociation may also create Si nanoclusters in a size range of 2-10 nm
with a most probable diameter of 4 nm. These Si nanoclusters with their quantum
confinement are a source of luminescence in the near IR at 1.6 eV and probably at 1.3 eV too.
Further ion implantations of group IV elements: C*, Sn*, Pb* which are thought to substitute
Si in the silica matrix, show new bands and a general increase of the luminescence in the
blue region. On the other hand, implantations of oxygen substitute elements of group VI
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lead to an increase in the red spectral region. The ultraviolet UV and violet V luminescence
are detected in mostly all ion implanted samples at around 290 nm and 410 nm,
respectively, indicating not only extrinsic related ODC or extrinsic defects but also ion
implantation induced defects in the SiO, matrix.

As a surprising peculiarity, the cathodoluminescence spectra of oxygen and sulfur
implanted SiO; layers show, besides characteristic bands, a sharp and intensive multimodal
structure beginning in the green region at 500 nm over the yellow-red region and
extending to the near IR measured up to 820 nm. The energy step differences of the
sublevels amount to an average of 120 meV and indicate vibronic-electronic transitions,
probably, of O interstitial molecules, as we could demonstrate by a respective
configuration coordinate model. However, such "mysterious" multimodal luminescence
spectra are observed occasionally in other material compounds too, and are many-fold in
their interpretations by other authors ranging from photonic crystals and interference effects
over discrete quantum dots and respective quantum confinement, even to our model of
interstitial molecules and their electronic-vibronic luminescent transitions.
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1. Introduction

Porous silicon can be considered as a silicon crystal having a network of voids in it. The
nano sized voids in the bulk silicon result in a sponge-like structure of pores and channels
surrounded by a skeleton of crystalline Si nano wires. Porous silicon (PS) is gaining
scientific and technological attention as a potential platform mainly for its multifarious
applications in sensing and photonic devices (Canham, 1997a; Pavesi & Dubos;1997;
Dimitrov,1995; Tsamis et al., 2002; Archer & Fauchet, 2003; Barillaro et al.,2003). The
extremely large surface to volume ratio (>500m2/cm3) of PS, the ease of its formation,
control of the surface morphology through variation of the formation parameters and its
compatibility to silicon IC technology leading to an amenability to the development of smart
systems-on-chip sensors have made it a very attractive material. Due to these multi
functional applications of PS, recently it has been proposed to be an educational vehicle for
introducing nanotechnology and inter-disciplinary material science by eminent scientists
working in this field. But in order to develop porous silicon based devices and their
integration to electronic circuits the low resistance stable electrical contacts are necessary.
However, unlike crystalline silicon the outstanding problem with PS is the instability of its
native interface with a metastable Si-Hy termination (Tsai et al.,1991). The metastable hydro-
silicon can undergo spontaneous oxidation in ambient atmosphere and results in the
degradation of surface structures. This also creates problems to get a stable Ohmic contact
(Deresmes et al.,1995; Stievenard & Deresmes, 1995) which is again a very important factor
regarding its commercial applications. Therefore passivation of surface is necessary to make
stable porous silicon based devices. For that purpose substituting surface hydrogen by
another chemical species has appeared desirable. Oxidations (Rossi et al, 2001; Bsiesy, et al
1991; Petrova-Koch et al., 1992) nitradation (Anderson et al., 1993) and halogenetion
(Lauerhaas & Sailor, 1993) are found to be useful for PS surface passivation. Derivatisation
by organic groups and polymer (Lees et al. 2003; Mandal et al. 2006), offers an alternative
possibility to stabilize the material. Metals like Cu, Ag, In etc. were also used to modify the
porous silicon surface to stabilize its photoluminescence properties (Andsager et al 1994;
Steiner et al., 1994). Surface modification of PS using noble metals like Pd and Pt has also
been studied recently (Kanungo et al. 2009a).

The details on PS are given in a comprehensive review published by Cullis et al. (Cullis et
al., 1997) and in the handbook on Porous Silicon properties edited by Canham (Canham,
1997a). H. Foll et al. (Foll et al. 2002) and V. Parkhutik (Parkhutik, 1999) also elaborately
reviewed the formation and applications of porous silicon.
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2. Preparation of nanocrystalline porous silicon using different chemical
methods

Several methods are developed to make the porous layer with wide variation of pore
morphologies having the pore dimensions from micro to nanometers. Chemical etching of
silicon using chemical solutions of HF, HNO3 and water (Vasquez et al., 1992), NaNO, and
HF or CrOs; and HF(Beale et al., 1986, Zubko et al. 1999) are employed for PS formation.
However, the most widely used method is the electrochemical etching of silicon crystal in an
electrolyte solution of HF and ethanol or methanol (Saha et al., 1998; Kanungo et al., 2006) or
HF and water or HF and N, N dimethyl formamide (DMF) (Archer et al., 2005) by passing
current for a fixed duration of time. Hummel et al. (Hummel & Chang, 1992) utilized a new
spark erosion technique for PS formation, which does not involve any aqueous solution or
fluorine contaminants in air or in the other gases. Another interested development in this
area is the magnetic field assisted anodization technique employed by T. Nakagawa et al.
(Nakagawa et al., 1996). Recently Y. Y. Xu, et al. (Xu, et al. 2005) describe hydrothermal
etching of crystalline silicon in HF containing ferric nitrate to obtain the large quantities of
regular, uniformly distributed silicon nano pillars which are perpendicular to the surface
and well separated from each other. In addition, perpendicular electric field assisted
method, illumination assisted method, Hall effect assisted method, lateral electric field
method, Buried P-layer assisted method and their combinations have been very recently
reported (Samuel, BJ., 2010).

In most cases, the porous silicon structure is formed by electrochemical etching of Si wafers
in electrolytes including hydrofluoric acid (HF) and ethanol. The cleaned, polished Si wafer
surface is hydrophobic. Added absolute alcohol increases the wettability of the substrate
and thus helps the electrolyte penetrating into the pores. So laterally homogenous current
density can be maintained to result in the formation of uniform PS layers. The added
ethanol also helps in removing the H> bubble from the sample surface formed during the
anodization process. To get the uniform porous layers with high reproducibility, the applied
anodic current density, etching time and the electrolyte concentration are controlled
precisely during the process. The cathode of the anodization cell is generally made of
platinum or other HF-resistant conductive material. Platinum is used as cathode and Si
surface itself acts as the anode. In Fig. 1, a conventional single tank setup is shown both for
vertical and horizontal field application.

To get the nanocrystalline porous silicon on n-type silicon, illumination method (Samuel,
BJ., 2010). is the most popular way to generate holes required in the electrochemical etching
process (Fig.2). However, the photo energy absorption by the atoms depends on the
intensity of the illumination source, the distance from the source and the electrolyte
environment. Therefore, only the surface layer under the illumination generates electron
hole pairs. But the etching rate gradually decreases with time as it is very difficult to reach
the illumination into the deep area of the pores.

An alternative Hall Effect assisted method (Fig.3a) can be used for n-type porous silicon
formation (Samuel, BJ., 2010). In this arrangement the sample is exposed to the Hall Effect
environment. By applying a very large bias voltage and a large magnetic field, the upper
layer of the semiconductor is depleted of electrons and is then inverted from n-type to p-
type (Fig. 3b). The accumulated hole on the upper layer can participate in the chemical
reactions during the etching process. Two main advantages of this method are (i) the
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illumination sources are not required and (ii) no metal electrodes are needed for etching.
Therefore, an etching container devoid of illumination and free of metal electrode can be
well designed for the safety of handling the corrosive HF electrolyte so that the
contamination from the metal electrode could be avoided.
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Fig. 1. Schematic of cross sectional view of the jig used for PS formation by electrochemical
anodization by the application of electric field in (a) vertical and (b) horizontal mode.
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Fig. 2. Schematic of the experimental setup of the illumination assisted method.

A buried p-layer assisted method (Samuel, BJ., 2010) is also proposed for n-type porous
silicon fabrication. The buried p-layer acts as the source of hole and is placed underneath the
n-layer (Fig.4). The proposed buried p-layer assisted method can also be superimposed on
the illumination assisted method during the electrochemical anodization.
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Fig. 3. Schematic of the (a) experimental setup of Hall effect assisted method and (b) the
mechanism of pore formation [with the permission of Nova Science Publishers, USA].
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Fig. 4. The schematic mechanism of the biased pn structures for buried p-layer assisted
method [with the permission of Nova Science Publishers, USA].

2.1 Mechanism of silicon dissolution and pore formation

Although the complete understanding of the Si dissolution mechanism is still under study,
the mostly accepted theory describes that holes are required for pore formation. During the
anodization process, the positively charged Si surface is oxidized by F- ions followed by the
formation of water-soluble H>SiFs complex as shown in Fig.5. For the pore formation, the
anodic reactions can be depicted as

Si + 6HF — H,SiFs + Hy + 2H* + 2e-. )

However, the detail chemical steps during PS formation may be expressed as follows;
Si + 2HF + 2h* > SiF, +2H*
SiF, + 4HF - H» + H)SiFs (for divalent anodic reaction)

Si + 4HF + 4h+ > SiF, + 4H*
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SiF, + 2HF - H,SiFs (for tetravalent anodic reaction)

Different models are also proposed to explain the formation of porous silicon and the pore
morphology. According to the model suggested by Kang and Jorne (Kang & Jorne, 1993) the
distance between the pores varies as a square root of the applied voltage. The model by
Beale et al (Beale et al. 1985) shown in Fig. 5a highlights a quantitative idea about the pore
morphology. They pointed out that there is a space charge region between the PS layer and
bulk silicon. This model further considers the pinning of the Fermi level at the Si/electrolyte
interface. It is due to a large number of surface states that create Schottky barrier between
the semiconductor and the electrolyte. The decrease of the Schottky barrier height occurs
due to the dissolution of the pore tips because of the electric field generated in that region.

HF solution

_— Silicon surface —

== Diffusion

Eeie ) Length

Fig. 5. The schematic of the (a) Beale model and (b) The diffusion - limited model (Samuel,
BJ., 2010) [with the permission of Nova Science Publishers, USA].

The distribution of the electric field in the pore tips can be estimated by the model proposed
by Zhang (Zhang, 1991) that also gives reasonable explanation of the localized dissolution of
silicon. According to this model PS growth takes place through anodic oxidation and
dissolution through direct etching of silicon in HF.

The diffusion-limited model in Fig. 5b proposed by Smith and Collins was the first
computer simulated theoretical model. According to this theory the holes diffuse to the Si
surface and react with the surface atoms (Samuel, BJ., 2010)..

Recently Lehamann proposed a model (Fig. 6) that considers the quantum confinement of
charge carriers on the pore walls due to their small thickness and it may be responsible for
the pore formation (Samuel, BJ., 2010).

The explanation of pore nucleation, pore structure and the importance of the formation
parameters etc. during PS formation has been provided in the model proposed by
Parkhutik and Shershulsky (Parkhutik & Shershulsky, 1992). According to this model the
bottoms of the pores are covered by a virtual passive layer (VPL) that prevents a direct
contact between the electrolyte and the substrate. When the electric field is applied the
dissolution of VPL takes place and the pores are formed. The growth of VPL and its
dissolution are exponentially related to the electric field strength and are dependent on
the chemical reactivity of the material towards the electrolyte and other experimental
parameters.
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Fig. 6. The schematic of the proposed quantum model of Lehamann (Samuel, BJ., 2010)
[with the permission of Nova Science Publishers, USA].

A new model on the mechanism of the pore growth suggests that the pore propagation into
the crystal volume is a process that is controlled not only by the electrochemical factors, but
also by mechanical stresses and hydrogen-related defects in Si. The PS growth is the
alignment of the pore nucleation sites along the crystal defects of the Si surface. The defects
serve as easy paths for the pore propagation. The dynamic stress during pore growth is
another important issue. At the bottom of each pore, the dissolution reaction liberates the
essential amount of hydrogen (Parkhutik, 1999). Outward movement of gas bubbles and
products of Si dissolution together with inward propagation of fresh electrolyte are to
produce essential hydrodynamic pressure inside the porous silicon layer. According to the
theory of propulsion the essential tensile stresses are produced both in porous silicon and in
Si substrates. Therefore, the micro cracks are formed in PS (Fig. 7) and that serve as easy
path for further pore growth.

Fig. 7. Schematic of the pore growth according to the mechanical stress assisted mechanism
of porous silicon (V. Parkhutik, 1999)
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3. Properties of nanocrystalline porous silicon

The pore morphology of the PS layer characterized by the void fraction or porosity, the
mean size of the pores, the pore size distribution, the interconnectivity of the pores, the
passivation and mean size of the skeleton enclosing the pores depends on the formation
parameters of PS, the additives in the electrolyte solution and the doping concentration of
the silicon wafer. However, vertically grown uniform pores can also be developed in n-type
¢-Si using photolithography.

3.1 Structural properties of porous silicon

The main structural parameters of the porous silicon are the pore type, pore size, porosity
and porous thickness. FESEM, TEM, AFM etc are commonly used to study the porous
silicon structure. Fig. 8 shows the FESEM of nano and macro porous silicon as developed in
the authors’ laboratory.

4
SEI 50KV X300000 10nm WD 3.4mm 5.0kV  X5,000 1um WD 7.2mm

Fig. 8. FESEM of (a) nano porous and (b) macro porous silicon surfaces.

Most of the pores in porous silicon are closed at one end and they are inter connected to
each other. Pores open at both ends i.e. the free standing porous silicon can also be realized
in membrane structure. The cylindrical pore with ‘branching’ is very common in porous
silicon. But for nano porous silicon a gradual decrease in pore size with depth in thick
porous layer is observed. This arises due to the secondary dissolution since the top layer is
exposed to the electrolyte longer than the bottom layer. Pore size is also a very important
parameter for the PS based sensing devices. The nano, meso and macro porous silicon are
defined in Table 1 according to the IUPAC guideline (Canham, 1997a),

Pore width Pore type

<2nm Micro porous/ nano porous
2nm - 50 nm Meso porous

> 50 nm Macro porous

Table 1. IUPAC classification of pore size
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The porosity of a sample is defined as the fraction of void in the porous structure. The
porosity (P) and thickness (t) are determined by the relations:

P= (mq-my) / (mg-ms)

t=(mi-ms) / (pxA)

Where m;, the mass of the sample before porous silicon formation, m;, the mass after
formation and ms, the mass of the sample after complete dissolution of the porous layer by
20% NaOH solution. p is the density of bulk silicon and A is the area of the porous silicon
layer. The masses m; and mj are measured after drying the samples properly in the vacuum
environment.

The porosity, thickness, pore diameter and microstructure of porous silicon depend on the
formation parameters like composition of electrolyte, anodization current density, etching
time, temperature, ambient humidity, wafer type and resistivity, illumination, and drying
conditions (Table 2).

Increasing the values of Porosity Etching rate

HF concentration Decreases Decreases
Current density Increases Increases
Anodization time Slightly increases Slightly decreases
Wafer doping (p-type) Decreases Increases

Wafer doping (n-type) Increases Increases

Table 2. Effect of anodization conditions on the formation of porous silicon (Bisi et al. 2000).

3.2 Chemical properties of porous silicon

Porous silicon has a very high surface area. Therefore, it contains a high density of Si
dangling bonds and impurities such as hydrogen and fluorine that are residuals from the
electrolyte used during PS formation. After the formation, initially porous layer is covered
by SiHx (x = 1, 2, 3) bond that remains on the surface even after rinsing and drying the
samples. However, it disappears during annealing at 300-500°C (Vazsonyi et al. 1993).

The PS surface oxidizes spontaneously if it is kept in the ambient air for a few hours and the
process continues until the whole surface is oxidized. Illumination and increased
temperature enhance the oxidation reaction rate. A blue shift in the luminescence spectra
occurs after oxidation of the surface (Hossain et al. 2000, Karacali et al. 2003). It also affects
the electrical conductivity and the optical properties of the porous layer (Astrova et al. 1999).
The common impurity in freshly prepared porous silicon is fluorine. The concentration of
fluorine depends on the type of electrolyte used. It is commonly found in the form of SiFx (x
=1, 2, 3). The fluoride concentration decreases with time (Petit et al. 1997), probably due to
the replacement of SiF bonds by SiOH bonds through reactions with water vapor content of
the ambient air.

3.3 Physical properties of porous silicon

3.3.1 Young’s modulus

It is reported (Barla et al. in 1984) that PS should behave similar to the starting Si single
crystal but the lattice mismatch occurs at the Si-PS interface due to its nanostructure and
that may be the reason of different Young’s modulus value of PS. The Young’s modulus of



Nanocrystalline Porous Silicon 227

porous silicon has been investigated by using X-ray diffraction, acoustic wave propagation
and nanoindentation technique. The data measured from these different techniques are in
good agreement and it is observed that for the PS layer the Young’s modulus decreases with
increasing porosity as shown in Table 3 (Bellet 1997). Also the micro hardness of the PS layer
decreases with the increasing porosity (Duttagupta et al. 1997).

Sample Method of investigation Porosity (%) Youn’s modulus (GPa)
p* Acoustic technique 20 82.9
p* Acoustic technique 28 60
p* Acoustic technique 32 50.3
pt X-ray 34 41
pt X-ray 54 17
pt X-ray 74 11
p* Nanoindentation 80 55
p* Nanoindentation 90 0.87

Table 3. Young’s modulus values of porous silicon deduced from different techniques.
(Bellet, 1997)

3.3.2 Thermal conductivity

Nano porous silicon is a good thermal insulator. As reported in the literature the thermal
conductivity of PS decreases with the porosity and in the case of nanoporous structures the
thermal conductivity depends on the formation parameters. (Lang 1997).

Table 4 presents the experimental data for the thermal conductivity obtained from the
literature. Electrically induced thermal wave were analyzed for thermal conductivity
measurements by Lang et al. Photo thermal reflectance analysis and photoacoustic
spectroscopy were also used by the other groups for the thermal conductivity
measurements. However, the values given in the literature shows dramatic differences for
different techniques.

Thermal Thermal
. conductivit conductivity (after
Sample Morphology Porosity (%) (as prepareg) 3000C prepzré d)
Wm1K-1 WmI1K-1
p-type Nano porous 40 1.2 1.3
p-type Meso porous 45 80 2.7
n-type Nano+ macro 53 1.75 1.85

Table 4. Experimental data of thermal conductivity of porous silicon (W Lang, 1997)

As reported in the literature, due to the small size of structures, the thermal conductivity of
p-type nanoporous silicon is 1.2 Wm-1K-1, which is less than the thermal conductivity of the
silicon oxide. This is because of the nanostructure that does not transport heat easily and
also the pores prevent the heat transfer from one elemental crystallite to the next. But when
the material is partially oxidized, the thermal conductivity increases slightly. It is because of
the incorporation of the oxygen into the structure, due to which the porosity decreases and
as a result heat transport increases.
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But for meso porous silicon crystallites are connected by small bridges that are oxidized at
low temperature and create heat barrier, which must be overcome during the heat transport
process. As a result the thermal conductivity decreases.

3.3.3 Electrical resistivity

The electrical resistivity of the PS layer is very high due to its nano structure. Four probe
method is very commonly used for the conventional determination of the resistivity of
porous silicon. But PS is very sensitive to the ambient atmosphere. So it is difficult to
determine the exact values for the PS resistivity (Ben-Chorin, 1997). The resistivity of porous
silicon changes with the porosity of the sample as it depends on the quantum confinement,
mobility and drift of the carriers, changes in the band structure, temperature and on the
medium inside the pores (Parkhutik, 1999).

To a large extent the low porosity material behaves like intrinsic bulk Si. The barrier heights
are similar to the bulk silicon which suggests that the Fermi level lies near the mid-gap
position. But the drift mobility of the majority carriers is order of magnitude lower than the
bulk silicon. (Ben-Chorin 1997). Thermally activated carriers move in extended states, but
multiple trapping in the surface states disturbs their motion. Therefore, the drift mobility is
very low. And as the traps are energetically distributed throughout the gap, hopping
between these states at high frequencies gives rise to a temperature independent AC
conductivity

A strong increase of resistivity (1010-1012 Qcm) of highly porous silicon was observed for
high porosity samples due to the quantum confinement effect that results in a modulation of
the effective bandgap. For these samples the AC conductivity is almost temperature
independent at high frequencies (Ben-Chorin 1997). A non linear dependence of the
conductivity with the applied voltage was observed for these samples. It is suggested that
two parallel processes are involved in current conduction (Ben-Chorin 1997). The first one is
the hopping transport of the carrier and the second one is the conduction due to the thermo-
ionic emission .

Both the low and high porosity samples are very sensitive to the environment. The exposure
of the porous layer to the vapour of the polar solvents affects the conductivity. The
conductivity depends exponentially on the partial pressure of the solvent and on its dipole
moment.

3.3.4 Optical and optoelectronic properties
3.3.4.1 Refractive index

The effective refractive index of PS depends on the porosity, the impurities on the surface of
porous silicon and the refractive index of the materials filling the pores. The refractive index
of an oxidized PS layer is lower than the non-oxidized layer having the same porosity.

3.3.4.2 Absorption co-efficients

The absorption coefficient of the PS layer indicates the correlation between the bandgap and
the porosity that is mainly due to the quantum confinement effect. (Bisi et al. 2000, Behren &
Fauchet 1997). The absorption coefficient of porous silicon can be measured by optical
transmission, photoluminescence excitation and photo thermal deflection spectroscopy. For
a free standing PS layer the optical transmission method is very sensitive. In this case Fabry-
Perot interference fringes are used to determine the refractive index. The absorption
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coefficient is then calculated including both the multiple interference effect and the sample
reflection. The absolute value of absorption coefficient can be obtained by the
photoluminescence excitation method but not by photo thermal deflection spectroscopy
(PDS). In fact, PDS is effective for estimating very low values of the absorption coefficient
below the crystalline Si band gap.

As expected for an indirect band gap material, a linear behaviour of the transmission spectra
of crystalline Si and p* PS were observed. But a non linear dependence of the absorption
coefficient on photon energy was obtained for p-type porous silicon with an absorption blue
shift with respect to crystalline Silicon as reported (Bisi et al. 2000). It is determined from the
Raman experiment that the blue shift is correlated with the smaller average crystallite
diameter and the quantum confinement is considered as the key factor for the absorption in
porous silicon.

3.3.4.3 Photoluminescence

Porous silicon shows photoluminescence at wavelengths ranging from the ultraviolet (Lin

et al, 1996) to the infrared due to radiative recombination of the carriers confined in

nanoclusters of Si embedded into the walls of PS layer. However, the physical mechanisms

of photoluminescence from porous silicon are still the subjects of controversy. The most

available reports on PL bands of porous silicon are available in different spectral regions e.g.

(i) ultraviolet band, (ii) Visible band and iii) Infrared PL band. The following are the

characteristics of different PL bands of porous silicon.

Ultraviolet PL band (<500 nm):

UV PL band in room temperature occurs mainly due to the oxidized porous silicon

PL shows a red shift in the peak intensity with time.

PL get quenched when exposed to methanol.

PL intensity and peak intensity are stable under illumination.

Visible PL band (500nm-800nm):

It requires silicon crystallites to get visible PL from porous silicon

Peak wavelength decreases as crystal size decreases.

PL intensity increases and a blue shift occurs with time.

Blue shift in peak wavelength occurs with surface passivation by hydrogen or by

oxidation.

iii. Infrared PL band (800nm-2 pm):

a. The radiative electron capture at positively charged dangling bonds on the surface of
the silicon branches is responsible for the infrared PL band.

b. Sometimes this band is referred as the tunable IR band as the peak energy of this IR
band is shifted as a function of porosity.

c.  The relative intensity of the IR PL band increases with time.

d. The PL intensity is totally quenched at higher temperatures of around 450°C.

The following models of the photoluminescence from PS have been proposed following the

classification by Canham (Cullis & Canham, 1991),

a. Quantum confinement:

Quantum confinement within the nanometer size silicon branches of the porous silicon is

responsible for direct band-to-band recombination and thus the origin of PL (Streetman,

1990). With decreasing crystal size a blue shift is observed (Canham, 1990a) because the

reducing crystal size causes a further widening of the band gap. The band-gap energy shift

an o=

-
j=H
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of silicon with temperature followed by the thermal broadening can explain the observed
temperature dependence of the PL (Lockwood et al. 1992).

b. Nano-crystal surface states:

Due to quantum confinement effect (Koch, 1993) absorption of the carriers occurs in the
silicon crystallites and as a result the recombination centers are formed due to an adjustment
of the bond lengths and bond angles by silicon atoms at the surface of the crystallite. This
adjustment leads to the formation of a number of traps or so called surface states within the
band gap. Probably due to the confinement of the carriers in these states radiative
recombine occurs by a tunneling mechanism and gives rise to PL.

c.  Specific defects and spurious molecules:

The surface hydrides on the branches of the porous silicon (Tsai, 1991) are possibly responsible
for the ‘red’ band PL. The tunable visible PL in PS may be attributed to SiHx groups (Wolford
et al,, 1983). This may be further confirmed from the fact that on heat treatment (Prokes et al ,
1992) hydrogen is desorbed from the porous silicon and thus the quenching of the PL with
temperature (Cullis et al, 1997) due to presence of non-radiative dangling bonds. Further there
is a report that surface molecules, specifically siloxene, a by-product of the anodization process
and remaining on the surface of the porous silicon (Hamilton , 1995), may be responsible for
‘red” PL band (Fuchs et al, 1992). After annealing at 400°C siloxene has an attractive
luminescent property similar to porous silicon (Stathis & Kastner , 1987) .

d. Structurally disordered phases:

A significant amount of amorphous silicon was reported to contain within porous silicon
(Perez et al., 1992). It is known that hydrogenated amorphous silicon (a-Si:H) can produce
visible PL (Vasquez, 1985) and so it was suggested that a-Si:H might be responsible for ‘red’
PL band (Vasquez et al. 1992) The observed tunability of the PL was further suggested as
due to introduction of hydrogen into the amorphous silicon in varying amounts (Cullis &
Canham,1991).

3.3.4.4 Electro luminescence

The third form of the luminescence is the electro luminescence, which is tunable by an
electric field applied on the sample (Halimaoui et al. 1991). PS produces different
luminescent properties. “The origin of luminescent phenomena is the quantum confinement
in the nanostructure Si wires of porous silicon.” With increasing porosity crystallites
dimension decreases and the band gap increases thereby shifting the peaks in the
luminescence spectra (Read et al. 1992). As reported in the literature, the EL spectra show a
blue shift with an increasing bias. However, the mechanisms of the electro luminescence in
PS are not studied in detail. In fact, the absence of reliable electrical contact to PS due to the
rough surface of silicon was so far the major difficulty in doing this study.

3.3.4.5 Cathodoluminescence

During the structural SEM or TEM study on PS Cathodoluminescence could be observed.
The peak of Cathodoluminescence (CL) is extremely weak and unstable. But when SiO; is
present stable and brighter CL could be achieved (Williams 1997). Piillai et al. (Piillai et al.,
1992) suggested that during the SEM or TEM study the KeV electron beam may excite
several high energy defect states of an unspecified molecules attached to the PS surface and
their optical de-excitation gives the CL emission.

4. Surface stabilization of NPS by different methods

In spite of all other advantages, the major barrier preventing commercial applications of PS
is the instability of its native interface with metastable Si-H termination. The metastable
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hydro-silicon undergoes spontaneous oxidation in ambient atmosphere and results in the
degradation of surface structures. This creates problem for taking good electrical contacts on
PS, important for its commercial applications (Fig. 9). Therefore, the passivation of PS
surface is necessary to make it possible to fabricate the stable devices based on porous
silicon.

Al PS

Before modification After modification

Fig. 9. Band diagram of Al/PS junction (for Ohmic contact to p type semiconductor ®m>Ps)
(a) before surface modification (Fermi level is pinned by the PS surface states) and (b) after
surface modification (Fermi level become unpinned and it can move under the applied bias).

In 1965, Beckmann (Beckmann , 1965) observed that during a long storage in ambient air the
PS film gets oxidized. This chemical conversion is slow and basically similar to the ageing of
Si wafers i.e. a native oxide layer forms on the surface of pores. Due to the ageing effect, the
structural (Astrova et al. 2002), electrical and optical properties (Karacali et al., 2003) of PS
showed continuous change with the time. The growth of the native oxide was completed
approximately after one year (Petrova, et al., 2000). In order to avoid the transient period of
ageing, substitution of surface hydrogen by another chemical species appeared desirable.
Chemical, anodic, dry and wet thermal oxidation processes were investigated and presented
by Rossi et al.in 2001. Anodic oxidation showed some improvement against ageing in air but
rapid thermal oxidation appeared to give more optimum results, in providing PS samples
with good electronic surface passivation and improved stability against ageing for optical
measurements. For stabilization of the porous silicon surface, derivatisation by organic
groups and polymer offers an alternative possibility to oxidation. Nitradation and
halogenetion were also studied to stabilize the PS surface. Metals like Cu, Ag, In etc. were
also used to modify the porous silicon surface to stabilize its photoluminescence properties.
The metal electrode contact to the unmodified PS surface for the electrical measurements
may exhibit an unstable and rectifying behaviour, because PS surface states that arise due to
its nano structure can act as the recombination centers. Therefore, the passivation of defect
states in porous silicon is necessary to get a stable and reliable electrical contact to PS. There
is an existing challenge for the fabrication of reproducible low resistance Ohmic contacts on
porous silicon and it is indispensable for porous silicon based electronic devices. The PS
layer contains huge number of volume traps and interface states, resulting in the Fermi-level
pinning at the PS-Si interface. This may block the electrical response of the PS-Si structure.
In a recent work the problem of contact on porous silicon was bypassed by taking contacts
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from the back of the silicon substrate for capacitive sensors. A few reports are available on
the formation of electrical contact to porous silicon. Zimin et al. (Zimin et al., 1995) reported
a lateral Al ohmic contact to n type PS having a contact resistivity of the order of 10- to 10-2
€ cm? for low porosity and low resistivity samples but they observed a rectifying behaviour
for high resistive PS, both n and p type. Martin Palma and co-workers (Martin-Palma et al.,
1999) reported the same for the Al-PS-Si-Al sandwich structure, which showed rectifying
behavior even after prolonged exposure to the atmosphere. There are also reports on
metallic contacts to PS using Au, In, Au-In, In-Sn, Al etc and all the contacts showed
Schottky behavior (Angelescu & Kleps, 1998). Electroless Ni deposition was studied for
getting metal contact to PS and an Ohmic behaviour was observed only for low bias
voltages. H. A. Andersson et al. (Andersson et al., 2008) performed an experiment to
examine the morphology and the properties of Ni obtained by electro less deposition on
p-type PS and subsequent formation of Ni silicide by heat treatment. They showed that both
rectifying and Ohmic contacts could be formed between electro less deposited Ni and
PS depending upon the heat treatment conditions. Reports (Jeske et al., 1995) are also
available on the use of electro less deposited Au, Cu and Ni contact to porous silicon.
Although Au and Cu showed some positive results Ni was proved to be ineffective for
Ohmic contact.

The stabilization of PS surface by noble metals for reliable metal contact has been recently
reported by us (Kanungo et al. 2009a). We used the noble metal (Pd, Pt, and Ru) ions to
stabilize the surface of porous silicon. Porous silicon surfaces were modified at room
temperature by electroless method using acidic aqueous solutions of PdCl, RuCls and
KyPtCle to passivate the PS surface by the noble metals like Palladium (Pd), Ruthenium (Ru)
and Platinum (Pt) respectively. To remove the native oxide layer from the PS surface, prior
to modification the samples were dipped into 10% HF solution for 10 sec and were then
immediately dipped into the different chloride solutions. Subsequently the samples were
rinsed gently by DI water and dried followed by annealing in air at 110°C inside an electric
oven for 10 min to evaporate the residual solvent present in the samples. The flow chart of
the surface modification steps is given in Fig. 10.

To optimize the solution strength and modification time a number of experiments was
carried out with different concentrations (0.1 M, 0.05 M, 0.01 M, 0.005 M, 0.001 M) of the
solution and different modification time (5 sec - 180 sec). The stability and reproducibility
were checked by taking I-V measurements.

The chemical modification steps are cited as follows:

[M]Cly; —» [M]z++ ZCl-
Where, [M] = Pd, Ru and Pt.

[M]z+ ——— [M] (Island) + Zh*
Si +2H,0 + 2h* — Si(OH), + 2H*
Si(OH), — SiO, + 2H* + 2e-
2H* +2e- —» H,

2CI- + 2H* —» 2HCl
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[M]#* formed by decomposition of [M]Clz in an aqueous acidic solution is reduced to [M]
metal islands by a chemical reduction process ((Jeske et al., 1995; Porter et al. 2002) and h*
are released. Subsequently PS surface gets oxidized to SiO, by h*. The Pd modified samples
showed the better consistency & stability compared to Ru and Pt modified samples as
determined by I-V measurements.

PS dipped in Dipped into the solutions
10% HF containing noble metal

(To remove ‘ chlorides.
native oxide)

(To pnassivate the surface states)

Annealed Rinsed
in air at gently by
110°C DI water

Fig. 10. Flow chart for porous silicon surface modification

This study indicates that the noble metal dispersed on the PS surface helps in two ways.
Firstly, by the metal dispersion Si surface gets oxidized and a thin layer of SiO; is formed
(Steiner et al., 1994) and it was verified from EDAX and XPS results (Kanungo et al.
2010a). Secondly, the oxidized PS surface contains much less defect states due to the
passivation effect by the oxide layer. Therefore, it helps in favourable current conduction
and also improves the stability of PS to a large extent. From the consideration of work
function Al should give Ohmic contact to PS. But the large density of surface states on
unmodified PS creates barrier against the current flow and thus a rectifying behaviour
is displayed by it as shown in Fig. 9. But after modifications the PS surface states
are reduced to a large extent by surface oxidation and Al contact becomes Ohmic in
nature for the lateral structure (Fig. 11). On the otherhand, the sandwich structure (Fig.
12) exhibits a rectifying behaviour due to the presence of PS/Si heterojunction but the
rectification is much improved after modification due to the effective passivation of the
recombination states. However, the possible apprehension that Pd, Ru and Pt may create
a continuous metal layer on the PS surface is ruled out by digital X-ray mapping and
EDAX line scan analysis (Kanungo et al. 2010a) that show distinctly a discontinuous
dispersion of noble metals.

Specific contact resistance of Al to Pd modified PS was measured by the transmission line
model (TLM) method and the value obtained was of the order ~ 10! ohm-cm? (Kanungo
et al., 2009a).
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Fig. 11. I-V characteristics of unmodified (inset) and Pd, Ru and Pt modified PS for lateral
structure using Al contact. [Unit is same for both the graphs].
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Fig. 12. I-V characteristics of unmodified (inset) and Pd, Ru and Pt modified PS for
sandwich structure using Al contact. [Unit is same for both the graphs].
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5. Applications of porous silicon

The PS structure was discovered by Arthur Uhlir at Bell Lab, USA in 1956 (Ulhir, 1956)
followed by Turner (Turner,1958) and Memming and Schwandt (Memming & Schwandt,
1966). In 1971, Watanabe and Sakai (Watanabe & Sakai, 1971) demonstrated the first
application of PS for device isolation in integrated circuits. In 1986 Takai & Itoh (Takai &
Itoh, 1986) introduced the silicon-on-insulator (SOI) in integrated circuits technology. The
silicon on sapphire technology (SOS), and silicidation of porous silicon were reported by Ito
et al. in 1989 (Ito et al., 1989). In 1984 Pickering et al. (Pickering et al., 1984) have observed
the low temperature photoluminescence in PS. But the discovery of room-temperature
photo- and electroluminescence by L. Canham in 1990 boosted the research on porous
silicon because of the huge potential in silicon-based integrated sensing and photonic
devices(Canham, 1990, 1997b, 1997¢,1997d; Canham et al.,1991).

Also there is a number of publications with the physical and chemical properties, and
different applications of PS such as solar cells (Menna, 1997; Aroutiounian , 2004) integrated
light-emitting devices on silicon chips (Bondarenko et al., 1997a, 1997b; Nakajima et al.
2004), selective chemical, gas and humidity sensors (Sailor, 1997), pressure sensors
(Pramanik et al., 2005), bio-sensors based on functionalized PS substrates (Dzhafarov et al.
2004; DeLouise, 2004), electrolyte-insulator-semiconductor capacitor (EISCAP) based on
silicon and PS for detecting different organic materials.

Another important characteristic of PS is the ability to tailor the material morphology for the
desired applications. Fine control can be achieved by specifying the etching parameters so
that micropores with different pore sizes can be tailored according to the condition required.
Sometimes, it is also important to produce pores of graded size on the same substrate to
achieve multiple targets sensing capability on the same chip. Graded morphology is the key
to multiple gas/vapor sensing capability within the same array and the possibility of an “e-
nose’. A compact and sensitive PS-based electronic nose could bring greater reliability and
repeatability into the professional sensing of food and wine (Marsh, 2002).

5.1 Optoelectronic applications

5.1.1 LEDs

The first publication on the formation of the electro-luminescent devices based on porous
silicon was made by Richter et al. (Richter et al., 1991) and later by Koyama and Koshida
(Koshida & Koyama, 1992). It is no doubt that silicon has a great importance in micro
electronics integration technology. But Si is an indirect band gap semiconductor with very
poor emission property. Although the radiative recombination exists in Si the quantum
efficiency at room temperature is very low. In contrast, the discovery of the visible
photoluminescence in porous silicon made it an interesting material for optoelectronic
application. Steiner et al. (Steiner et al. 1993) introduced LEDs with porous p-n contact with
improved efficiency. However these samples are suffering from poor stability problem
while working in the open environment. But the environmental stability of LEDs is much
improved when the pulsed mode of operation is used. Lazarouk et al. (Lazarouk et al., 1994)
reported the formation of very stable Al/PS LEDs. The diodes emit white light under the
reverse bias, possibly due to the excitation of surface plasmons in oxide near the edges of Al
metallization stripes where the maximum local electric field is concentrated. In spite of the
fact that there is an essential progress in the fabrication of porous silicon LEDs further work
is necessary to improve their stability, quantum efficiency and speed.
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5.1.2 Photodetectors

Porous silicon photoconductors are commonly fabricated by depositing aluminium film on
top of oxidized porous silicon structure. The passivation of the surface by oxidation could
improve the external quantum efficiency of a porous silicon photodiode (Tsai, 1993). Porous
silicon also can be used as anti-reflecting coating for p-n photocells because of its reduced
reflectivity of incident light from its surface. As suggested by Krueger et al. (Krueger et al.
1997) multilayer PS structures could be used as selectively absorptive filters to modify the
spectral sensitivity of photo detectors.

5.1.3 Porous silicon solar cell

Solar cell converts solar radiation into electricity by photovoltaic effect. High optical
absorption and low carrier recombination are two necessary conditions for efficient power
conversion in a solar cell.

For the last two decades there is a steady growth of 15-30 % in the photovoltaic market and
it is expected to increase more. However, the cost of photovoltaic energy source is still very
high than the conventional energy sources. This cost can be reduced by high volume of
production, reducing the material cost and improving the efficiencies.

The 90% of the solar cells are fabricated from crystalline silicon. But silicon is an indirect
band gap semiconductor and its optical adsorption coefficient is also relatively low. So in
thin film silicon light absorption will be much less. Therefore, the cost of silicon wafer
becomes the 40% of its final module. Recently there is a huge shortage of silicon wafer in the
photovoltaic market.

The nanocrystalline porous silicon thin film, on the other hand, has relatively high optical
absorption coefficient. Therefore, using a thin film of porous silicon, the efficiency of a solar
cell can be improved to a large extant as well as the shortage of silicon can also be avoided.
Actually, a porous silicon coating reduces the reflectance and improves the light absorbance
in the useful photovoltaic spectral range. Indeed, the effectiveness of the porous layer as the
anti reflecting coating of the solar cell is already confirmed (Strehle et al. 1997). In tandem
solar cell structure the use of micro porous silicon as an active element on a non degenerate
p-type crystalline silicon has been reported. Porous silicon photovoltaic device was also
fabricated by anodization of crystalline silicon as reported in the literature.

5.2 Biological applications of porous silicon

The biological incompatibility of Si material with living organisms is well known. But unlike
bulk Si porous silicon becomes biologically active and restorable as demonstrated by
Canham. Further research has shown that the porous Si may become an important
biomaterial and reliable interface between the Si integrated circuit and the biological
ambient. Bayliss et al. (Bayliss et al., 1997) reported that the nanocrystalline Si could be used
as growth supports for cell cultures. Application of porous silicon in biological sensing is
based on the immobilization of specific bio molecules at its surface that register changes in
electrical and optical properties of PS as a result of their interaction with the biological
complexes to be detected. Significant quenching of photoluminescence from PS as a result of
antigen-antibody interaction is reported by Starodub (Starodub et al. 1996). Lin and co-
workers (Lin et al., 1996, 1997) worked on the displacement of interference fringes in optical
absorption or in luminescence spectra of porous silicon thin films for the absorption of
chemical or biological molecules at the pore walls.
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Silicon nanoparticles and porous silicon have several valuable biological properties e.g.
biocompatibility, biodegradation capability, and high penetration power. Since the silicon
nanoparticles can increase the permeability of cellular membranes, high doses of the
pharmaceutical substances can be bound with the particles. Silicon nanoparticles can softly
remove bacterial dental plaque without affecting the enamel and therefore can be used as a
toothpaste additive. The silicon nanoparticles/porous silicon is considered as a fine
preservative in food products because they can inhibit the development of pathogenic
microorganisms. So, the introduction of silicon nanoparticles into the organism can be a
novel idea. In fact, it is a subject of active research in many laboratories of the world. The
properties of polycrystalline or porous silicon nanoparticles are also being explored in the
regime of cancer research. The silicon nanoparticles bound with medicinal substances are
added into the nutrient medium where the cells of human larynx tumour or mouse
fibroblast cells are being cultivated. Russian researchers found that the nanoparticles in
concentrations over three mg per ml hinder the growth of both normal and tumor cells.
Porous silicon particles are more effective than polycrystalline silicon for this purpose.

5.3 Porous silicon pressure sensor

Pressure sensors are widely used in automobiles, robotics, space, and process industries, in
addition to VLSI and biomedical applications. However, the commonly used metal strain
gauges and capacitive manometers suffer from low sensitivity and bulky size and so they
are not very suitable for sophisticated pressure sensing applications.

To improve the pressure sensor technology silicon can be used as a high precision, high
strength, and high reliability mechanical material (Peterson, 1982). It can be micromachined
to form various mechanical microstructures like diaphragm, cantilevers, nozzles and
grooves and can also be readily integrated with the signal-processing unit. However such
sensors suffer from low sensitivity, which makes them incompetent for low-pressure
applications. The use of nanocrsytalline silicon as an active material improves the
performance of pressure sensors without considerably increasing the cost and complexity of
fabrication. It has been observed that nanocrystalline porous silicon has the potential for
improving the performance of the pressure sensors due to its increased piezoresistive
coefficient of about 54.8% (Toriyama et al, 2002). Tailoring the dimensions of the
nanocrystallites, which depends on the formation parameters, may modify the performance
of the nanocrystalline porous silicon pressure sensor.

Reports are available (Pramanik & Saha, 2006a, 2006b) on the response of the porous silicon
membrane under pressure for possible improvement of piezoresistive coefficient due to
quantum confinement in the nanocrystalline structure of porous silicon. In fact, there is a
change in the band structure of porous silicon induced by pressure and it affects the
piezoresistive coefficient.

5.4 Porous silicon gas sensor

Porous silicon is one of the most promising materials in the field of gas sensor technology. It
can be used in gas sensors either as an active or a passive layer for gas sensing.

For passive application, the PS layer acts as the heat isolator or sacrificial layer in the
hotplate technology (Fiirjes et al., 2004). The low power consumption and the short thermal
transient times are the remarkable advantages of using porous silicon for thermally isolated
micro hotplates. Additionally, due to its very high surface to volume ratio the sacrificial PS
layer can be quickly and perfectly etched away.
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For the active application of PS, it acts as the gas sensor layer with electrical, optical or
thermal readout possibility. A simple cheap gas detectors that are super-sensitive, could be
based on resistive PS elements (Pancheri et al.,, 2003). Researchers at the University of
Brescia, have patented a technique using a porous silicon membrane on alumina substrate
which could sense NO; as low as 100 parts per billion (ppb) at room temperature using low
power and with a minimum interference from the contaminant organic vapors (Baratto et
al., 2000).

Recently, a conductometric porous silicon gas sensor was used for rapid and reversible
detection of gas analyte like CO (<5 ppm), NOy (<1 ppm), SOz (<1 ppm) and NHj; (500 ppb)
(Lewis et al. 2005). A hybrid nano porous layer on macro porous silicon was used for the
sensor study. To enhance the sensor performance a thin layer of gold or tin oxide
nanostructured framework was developed on the PS surface by the electroless deposition of
Au or Sn.

There are few reports on PS-Si structures as resistor type ethanol (Han et al., 2001), NO,,
organic vapour (Salgado et al., 2006) and H; (Rahimi & Iraji zad, 2006) sensors. Seals and
Gole (Seals et al., 2002) reported a PS based resistor type gas sensor for the detection of HCI,
NH;, and NO at 10 ppm level. But the full explanations of the sensor operations and
theoretical interpretations were not discussed. However, Green et al. (Green &
Kathirgamanathan, 2002) tried to explain the gas sensitivity of the PS-Si layered structure
with parallel electrodes. Luongo and co-workers (Luongo et al., 2005) reported on a Pd
doped PS, as a resistor type sensor for H detection at room temperature. The basis of their
sensor operation is the volume change of the Pd particles dispersed on porous silicon layer
leading to a reduction in the layer impedance due to closer contact with each other. Further,
a study on the same structure was carried out by (Sekhar et al., 2007) to find out the
influence of anodization current density and etching time during PS formation on the
response time and stability of Pd doped sensors. They also investigated the role of catalyst
thickness on the sensor response.

Barillaro et al (Barillaro et al., 2005) reported a field-effect transistor like structure for gas
sensing. As the floating gate controls the resistor value by modulating the interface potential
barrier the PS resistance is not involved in the measurement, thus avoiding the contact
problems.

There are some contact free methods (vibrating capacitor and surface photo voltage (SPV)
measurements) to measure the surface and interface potentials and potential barriers. The
vibrating capacitor has long been used for investigating semiconductor gas sensor surfaces
(Mizsei , 2005; Souteyrand et al. 1995; Nicolas et al. 1997). This simple and exact method is
sensitive to the contact potential difference (CPD) between a vibrating reference electrode
and the surface to be investigated. An attempt was made to use PS-Si interface as a sensor
structure together with vibrating capacitor readout (Polishchuk et al., 1998). An amorphous
silicon on silicon structure, similar to the PS-Si system was reported for alcohol sensor
(Sueva et al.,, 2002). Zhang et al. (Zhang et al., 2000) reported NOx sensor with a Pd-
Pt/PS/Al (MIS) structure with higher response than Pd-Pt/Si/Al configuration but with
longer response time. V.G. Litovchenko and co workers (Litovchenko et al., 2004) studied
the mechanism of hydrogen, oxygen and humidity sensing using Cu-Pd/PS/Si structures.
They coated polymer film on the PS surface and studied the chemisorptions of the gas
molecules. An attempt was also made to theoretically interpret the mechanism using an
energy band diagram of Schottky like structure. There is a report (Kwok et al., 1999) on PS
based Schottky diode sensor with Al electrode to sense the volatile organic compounds. L
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pedrero et al. (Pedrero et al., 2004) reported on PdO/PS structure for sensing ammonia and
other reducing gases.

As already mentioned instability is the most important problem related to porous silicon. As
a chemically active high surface/volume ratio material it can be oxidized easily. Because of
this chemical instability the physical properties of PS may change with time. However, the
oxidized PS may be more stable and may contain less interface states responsible for the
Fermi-level pinning. The oxygen adsorption may also result in an increase of conductance
(Khoshnevis et al., 2006).

The authors reported porous silicon based room temperature hydrogen sensor (Kanungo et
al., 2009b). The Metal-Insulator-Semiconductor (MIS) sensors were fabricated using both
unmodified and surface modified porous silicon. Pd-Ag (26%) was chosen as the top noble
metal electrode to fabricate the Pd-Ag/PS/Si/Al sensor structure. The junctions were
characterized by I-V studies and were confirmed to behave as Schottky devices. They were
subsequently used for hydrogen sensing at room temperature. At higher temperatures the
junction deteriorated most probably due to the damage of PS surface. The modified sensors
showed improvements over the unmodified samples in terms of response, time of response,
time of recovery and stability as shown in the Table 5. The superior performance was
observed for Pd modified sensors showing 84% response, 8 sec response time and 207 sec
recovery time on exposure to 1% hydrogen in nitrogen carrier gas.
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Fig. 13. Band diagram (not to scale) of Pd-Ag/PS junction (a) in absence and (b) in presence
of hydrogen. A decrease in metal work function due to the formation of a dipole layer at the
interface by the diffused hydrogen increases the barrier height at the metal / PS (p-type)
junction.

The mechanism of hydrogen sensing was attributed to the dipole formation at the metal-PS
interface in presence of the reducing gas that decreases the work function of the metal. As a
result, the Schottky barrier height increases for the metal/p-type semiconductor junction
and reduces the current through the noble metal /PS junctions (Fig. 13).

The modified samples improved the gas response behaviour after the formation of dispersed
metal islands that passivate the PS surface and catalyze the dissociative adsorption of more
hydrogen molecules. The defect free interface further helps in producing strong dipole during
hydrogen sensing. Our study confirms Pd metal as the most effective modifier of PS surface
for the superior performance of the Pd-Ag/PS/p-Si/ Al hydrogen sensors.

The porosity of the PS was varied from 40% to 65% to study the effect of porosity on
hydrogen sensor performance (Kanungo et al., 2010b). Both unmodified and Pd modified
porous silicon sensors of different porosity were characterized for gas sensing. For
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unmodified sensors gas response increased with increasing porosity and finally got
saturated. On the other hand, the Pd modified sensors showed improvement in gas
response with increasing porosity up to 55% and then deteriorated (Table 6). The structural
characteristics of the Pd modified sensors by EDAX line scan analysis revealed that the
incorporation of metal islands increased with the increasing porosity. The gas response
depends on the effective surface area of the dispersed Pd, which increases with increasing
porosity. But further enhancement in metal deposition (above 55% porosity in this case),
may reduce the effective surface area of the dispersed Pd (Yamazoe, 1991). As a result the
decomposition of the hydrogen molecule to atomic hydrogen on the surface of the catalytic
Pd islands during gas sensing also decreases. Possibly for this reason the gas response
behaviour decreases with higher porosity PS, higher than 55% in the present investigation.

Biasing . .
Metal used voltage l\glax response | Response time | Recovery time
(%) (Sec) (Sec)
V)
Unmodified 0.6 58 120 1055
0.2 84 8 207
Pd 0.6 76 11 219
Ru 0.5 64 35 689
Pt 0.6 61 106 1020

Table 5. Response, response time and recovery time for unmodified and modified porous
silicon hydrogen sensors in 1% hydrogen in nitrogen as carrier gas at room temperature.

Unmodified PS Pd Modified PS

Porosity | Biasing voltage=0.6V Biasing voltage=0.2V

of the Temperature 270C Temperature 270C

s?mple Response R'esponse R'ecovery Response R?sponse R?covery

(%) (%) Time Time %) Time Time
(Sec) (Sec) (Sec) (Sec)

40 42 169 1176 66 54 318

45 47 147 1132 72 23 276

50 53 132 1084 79 14 231

55 58 120 1055 84 8 207

60 59 114 1047 77 17 249

65 60 108 1033 68 29 286

Table 6. Response, response time and recovery time for unmodified and modified porous

silicon hydrogen sensors with different porosities, in presence of 1% hydrogen in nitrogen
and at 270C.

6. Factors related to the improved performance of porous silicon devices

The performance of photonic and gas sensor devices is related to the grain size, porosity and
thickness of the porous thin film. The use of catalytic metal electrode and the modification
of the sensor surface are other two important factors for an improved chemical sensor.
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6.1 Grain size

For a nano crystalline material the fraction of atoms at the grain boundary increases due to
decrease in crystal size. As a result the grain boundaries contain a high density of defects
like vacancies and dangling bonds that can play an important role in the transport
properties of electrons of nano materials. As the grain boundaries are metastable states they
want to reduce their energy either by exchange of electrons or by sharing the electrons with
other atoms. Hence the surface reactivity (or chemical reactivity) increases. Different models
are proposed to explain the dependence of crystal size and the high sensitivity of
nanocrystalline sensors and it was found that the sensitivity is proportional to 1/D, where D
is the average grain size. Further, nanocrystalline structure can reduce the operating
temperature of the sensors (Rothschild & Komen, 2004).

6.2 Porosity and thickness of the porous thin films

Dependence of PS solar cell parameters on its microstructure i.e. the initial porosities and
thickness are reported in the literature (Menna & Tsuo, 1997).

For a porous silicon pressure sensor, the change in resistance on application of pressure has
been reported to depend on the variation of porosities and thickness of the porous silicon
layer (Pramanik & Saha, 2006a, 2006b).

In a compact sensing layer, gases cannot penetrate into the layers and the gas sensing
reaction is confined to the surface. In case of the porous films, gases can access the entire
volume of the sensing layer and therefore the gas sensing reactions can take place at the
surface of the individual grain, at the grain boundaries and at the interface between grains
and electrodes. Therefore, porous layer is more suitable for gas sensing as compared to
compact ones (Basu et al., 2005; Xu et al., 1991; Tiemann, 2007; Sakai et al., 2001; Basu et al.,
2008). The thickness of a thin film plays a great role in the sensor response. F. H. Babaei et al.
(Babaei et al., 2003) proposed a model to establish a general mathematical relationship
between the steady state sensitivity of the sensor and the thickness of the sensitive film
used. It was shown that the sensitivity drops exponentially as the thickness of the sensitive
film increases. On the other hand, some groups reported that for certain combinations of the
structural parameters like porosity; cracks etc, the gas sensitivity of the sensors could
increase with thickness. For porous silicon all these parameters can be controlled during its
preparation.

6.3 Effect of noble metal catalyst as contact electrode

The performance of chemical sensor can be improved to a large extent by incorporation of
noble catalytic metals on the porous layer. It increases the rate of chemical reactions. In fact,
it does not change the free energy of the reactions but lowers the activation energy.

There are quite a few reports of the applications of nanoporous noble metal thin films as the
electrode contact for gas sensing (Ding et al., 2006; Lundstrom et al., 2007). The nanoporous
noble metal thin films have significant role on hydrogen sensing. The nano holes can
provide much more surface area, which in turn helps in rapid adsorption/desorption
processes and diffusion into the porous thin film interface.

Pure Pd is a good catalyst for sensing hydrogen, methane and other reducing gases
(Armgarth & Nylander, 1982). But there are some drawbacks associated with the use of pure
Pd metal due to blister formation because of the irreversible transition from the a phase of
palladium to the 3 phase hydride at low H; and at 300 K (Wang & Feng, 2007; Hughes et al.,
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1987). In addition, the response time more than 10 min for Pd-sensors is too slow to allow
real-time monitoring of flowing gas streams. To overcome these problems Pd is alloyed to a
second metal (Ag at 26 %) and is used for H; or hydrocarbon sensing. Pd-Ag alloy thin film
has some special properties for use in gas sensors and they are reported as follows:

The rate of hydride formation is very low for Pd-Ag alloy compared to pure Pd.

Since the solubility of hydrogen is favorable up to 30 % of Ag in Pd Ag atom does not
hinder the diffusion of hydrogen.

The OH formation barrier energy is higher in presence of Pd-Ag alloy.

The mechanical properties of polycrystalline Pd-Ag alloy are better than Pd.

6.4 Effect of noble metal dispersion on the surface of porous silicon

The sensitivity of a semiconductor sensor could be improved by surface modification
through highly dispersed catalytic platinum group metals like Pd, Ru and Pt
(Vaishampayan et al.,, 2008; Cabot et al., 2002). These additives act as activators for the
surface reactions (Zhua et al., 2005; Rumyantseva et al., 2008).

F. Volkenstein (Volkenstein, 1960) provides an idea of how the adsorbate affects the overall
band structure of the modified matrix. Additionally, the chemical nature of the modifier and
its reactivity in acid-base or redox reactions may play an important role (Korotcenkov,
2005). The dispersed catalyst actually activates the spillover process. Therefore, the
functional parameters such as sensitivity, response time, recovery time and selectivity
improve significantly through surface modification by noble metals.

It was found from the literature that Pd modification is very effective to reduce the
operating temperature and to achieve a high response of a gas sensor. Depending on the
factors like grain size, porosity and the thickness of the thin film, porous silicon can
appreciably be used as a gas sensor operating at low temperature (Mizsei, 2007).

Improved gas response behaviour of a palladium doped porous silicon based hydrogen
sensor was reported by Polishchuk et al. (Polishchuk et al. 1998). C. Tsamis and co workers
(Tsamis et al., 2002) reported on the catalytic oxidation of hydrogen to water on Pd doped
porous silicon. K. Luongo and coworkers. (Luongo et al.,, 2005) reported an impedance
based room temperature H; sensor using Pd doped nano porous silicon surface. P K Sekhar
and co workers (Sekhar et al, 2007) tried to find out the influence of anodization current
density and etching time during PS formation on the response time and stability of Pd
doped sensors. They also investigated the role of catalyst thickness on the sensor response.
Rahimi et al. (Rahimi et al., 2006) studied Pd growth on PS by electroless plating and the
response to hydrogen for both lateral and sandwich structures using gold contact.

As already mentioned in section 5.4 the authors also worked on noble metal modification of
porous silicon and development of room temperature hydrogen sensors. The modified
sensors showed significant improvements over the unmodified ones in terms of sensor
response, time of response, time of recovery and long term stability.

7. Summary and conclusion

In this chapter the preparation of nanocrystalline porous silicon (PS) by electrochemical
anodization has been described and different models have been mentioned to improve the
quality of PS film. The mechanism of porous silicon formation has also been cited.
Structural, chemical, optical & electrical properties of porous silicon have been mentioned.
Optical, optoelectronic, biological and chemical gas sensor applications of PS have been
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discussed. The merits and demerits of reported work on porous silicon have been critically
discussed. The factors that make porous silicon a special material for some specific
applications are illustrated. The common problem of instability of nanocrystalline porous
silicon surface, related to the large density of surface states and recent approaches to
stabilize the PS surface have been highlighted using the example of gas sensor applications.
The mechanism of surface modification using noble metal ions has been clarified. The effect
of porosity on the sensor parameters has also been explained with the specific example of
hydrogen gas sensor studies.

In conclusion, the basic concepts of the importance of nanocrystalline silicon over crystalline
silicon for recent applications in different areas of science & technology have been high
lighted. The simple method of chemical surface modification using noble metal ions to
stabilize porous silicon as demonstrated using hydrogen gas sensor devices needs special
mention.
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1. Introduction

In the electronics industry, crystalline silicon is the most widely used semiconductor. A
great variety of electronic devices can be built based on silicon, from discrete to low and
very high scale integrated circuits. One of the most common commercial applications is the
photovoltaics; in fact, silicon is found in 90% of solar cells for terrestrial applications. Silicon
has an indirect band gap of 1.12 eV and emits light weakly near the infrared region by phonon
assistance. This fact limits its use in optoelectronic applications, where semiconductors such
as GaAs and InP dominate this field. However, the photoluminescent and electroluminescent
properties of porous silicon (Bisi et al., 2000; Canham, 1990) have generated great interest in
optoelectronic devices. Porous silicon was accidentally discovered by Uhlir at Bell laboratories
in the middle of the 1950 s. He found that, under the appropriate conditions of applied
current and solution composition, silicon did not dissolve uniformly but instead fine pores
(holes) were produced. Porous silicon (PS) is a semiconductor in nanocrystalline form (NPS),
which could improve some properties of silicon, given that some properties, such as the
electricals, are determined by the short range order of atoms, rather than by the long range
order. In recent years, the great interest in NPS has been due to the high surface area of porous
silicon, which has been useful as a model of crystalline silicon surfaces in spectroscopic studies
(Anderson et al., 1990; Bisi et al., 2000; Dillon et al., 1992; Gupta et al., 1991), as a precursor to
generate thick oxide layers on silicon and as a dielectric layer in capacitance chemical sensors.
In addition, NPS has been applied in optoelectronics, micro-optics, energy conversion,
environmental monitoring, wafer technology, micromachining and biotechnology. In the
photovoltaic field, the application of NPS has not been widely explored. The first NPS cell
with a crystalline silicon substrate was reported in 1992 by Smestad (Smestad et al., 1992).
Nevertheless, until now, its main application in solar cells has been as a non-reflecting layer
(Vitanov et al., 1997). The use of semiconducting polymers to form hybrid heterojunctions
with NPS represents another potential application of porous silicon; it has been found
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that the conductor polymer increases the effective conductivity of NPS as a function of
the polymer penetration into the silicon pores (Jung et al., 1995; Moreno et al., 1999). This
kind of heterojunction can improve the stability of light emitting devices (LEDs) and has
formed structures with interesting photoluminescence (Nguyen et al., 2003; Parkhutik et al.,
1994) and electroluminescence properties (Bsiesy et al., 1995). In this chapter, several topics
are discussed, ranging from the study of NPS structure formation from monocrystalline
silicon by electrochemical etching in acid electrolyte solution to the construction and
evaluation of optoelectronic devices based on these structures, including the formation and
electrical evaluation of hybrid heterojunctions based on nanocrystalline silicon structures and
semiconducting polymers.

2. General aspects of nanocrystalline porous silicon

Nanocrystalline porous silicon (NPS) is composed of silicon wires and pores, and thus,
it is a material with a large surface area (Bisietal, 2000). It is obtained by the
electrochemical dissolution of silicon (Si) wafers in aqueous hydrofluoric acid (HF) solution
or by electroless etching in an HF solution containing an oxidizing agent (Arenas et al., 2006;
2008; Smith & Collins, 1992). The anodic dissolution in HF solutions is the main process
used for this effect, where darkness or illumination is necessary for p-type or n-type silicon
substrates, respectively, to achieve the etching process. In this section, a short description of
NPS preparation and its structural and morphological characterization is presented.

2.1 NPS formation process

One of the most important advantages of porous silicon is its simple and easy preparation
(Yu & Wie, 1992). Since the first studies in the middle of the 1950 s, NPS has been mainly
obtained by the electrochemical dissolution of silicon wafers based on HF solution. This
process consists of applying an anodic current to the silicon wafer in an HF electrolyte
contained in a Teflon cell, which is composed of a silicon working electrode and a Pt counter
electrode. The dissolution of silicon requires holes supplied from its valence band at its
surface; thus, for n-type silicon, light is necessary to photogenerate holes in contrast to
p-type silicon. A constant current density can adjust the porosity, thickness, uniformity and
reproducibility of samples (Eddowes, 1990; Galun, 1995; Smith & Collins, 1992). Ethanol
is added to the HF electrolyte to counteract the hydrophobic character of silicon and
facilitate the infiltration of HF inside the pores. In addition, ethanol helps to remove the
hydrogen bubbles generated during pore formation on the silicon surface. In the past,
many studies of porous silicon formation have been limited exclusively to an electrochemical
characterization of its current-voltage (I-V), relationships with the Schottky diode model of
the semiconductor/electrolyte interface playing a predominant role. Although additional
analysis techniques have been used recently to study porous silicon, its formation still arises
from the I-V relationships, and a basic knowledge of silicon electrochemistry is essential to
understand this process (Bard, 1986; Conway et al., 1983; Holmes, 1962; Vijh, 1973). Several
reaction mechanisms for pore formation have been proposed (Bomchil, 1983; Eddowes, 1990;
Lehmann & Foll, 1990; Smith & Collins, 1992; Turner, 1958). However, the most widely
accepted was proposed by Lehmann and Gosele, as shown in Fig. 1. This mechanism is
based on the oxidation of bonds on the silicon surface with the capture of holes and electron
injection in four steps (Lehmann & Gosele, 1991):

1. A hole reaches the surface for a nucleophilic attack on Si-H bonds by fluoride ions from the
HF electrolyte (i.e., the hole can then migrate on to a Si-H bond), thus releasing a proton.
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2. A second attack is accomplished by another fluoride ion, causing the evolution of
molecular hydrogen and electron injection into the substrate. The attack of the Si radical
by fluoride causes electron injection into the silicon conduction band and the formation of
a Si-F bond.

3. The next few steps involve the sequential removal of -SiF, by the replacement of protons in
the highly oxidized silicon with the concurrent injection of an electron into the conduction
band. A chemical reaction occurs in which HF is added across the one remaining Si-Si bond
to release SiFy into solution, and in this step, a tetrafluoride (SiF;) molecule is produced.

4. The tetrafluoride molecule reacts with two HF molecules and H;SiF; is the final product
in solution.
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Fig. 1. Schematic of dissolution mechanism of silicon proposed by Lehmann and Gosele
(Lehmann & Gosele, 1991).

The dissolution mechanism is complex (Eddowes, 1990). In this reaction, only two holes are
required to remove each silicon atom while one molecule of hydrogen is formed. Hydrogen
is assumed to result from the reaction of protons or HF with an intermediate of the silicon
oxidation reaction:

Si(II)+2H" +Si(IV) + Hp

During pore formation, the following anodic semireactions occur:
Si 4 6HF — H,SiFs + Hy +2H"' +2¢~

However, an electropolishing process can also exist if the current density reaches the critical
value, and this process can be described with the reaction:

Si + 6HF — HpSiFg + 4H™" + 4e™

The final properties, such as porosity and thickness of the nanocrystalline porous silicon
layer, are very sensitive to many experimental variables, such as the doping density of the
silicon substrate, the current density and the etching time, among others (Lehmann & Gosele,
1991; Searsonetal., 1992). The porosity is an important parameter that determines the
optoelectronic properties of NPS. Thus, it is necessary to determine posority.

The porosity (P) is defined as the fraction of voids (air) within the nanocrystalline porous
layer. This parameter could be estimated by gravimetry as described in Fig. 2, which shows
the porosity produced by removed or dissolved silicon mass (1,) during the etching divided
by the total mass of etched silicon (im7). In the porosity equation, m; is the silicon mass before
etching, mjy is the mass of the silicon substrate after etching (including porous silicon) and
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m3 is the substrate mass after dissolving the nanocrystalline porous silicon with a KOH (3 M)
solution. In the same way, the film thickness of the nanocrystalline porous silicon layer can
be estimated by considering the silicon density (0=2328 mg/cm?) and etched surface (S), S=1

cm? as shown in Fig. 2.
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Fig. 2. Schematic representation of the method to calculate the porosity and thickness of
nanocrystalline porous silicon by gravimetry (Bisi et al., 2000).

The porosity depends on the electrochemical etching conditions, such as the HF concentration
and the type and resistivity of the silicon substrate. It has been observed that porous silicon
porosity increases with current density at a given HF concentration. However, at a given
current density, porosity decreases with HF concentration because HF is hydrophobic with
silicon, which increases the difficulty of penetration/infiltration in the pores at high HF
concentrations (Bisi et al., 2000). Fig. 3 shows the influence of the silicon substrate on the
porosity and thickness of NPS layers. The porosity of the NPS layer obtained from a p-type
substrate increases directly with the applied density current. In addition, it changes according
to the silicon resistivity. More porous NPS layers are obtained from a silicon substrate of 10
O-cm of electric resistivity, whereas less porous NPS layers are obtained from lower resistivity
silicon (0.002 Q-cm). Starting from n-type silicon, the porosity increases as a function of
current density, but these NPS layers are less porous than those obtained from p-type silicon.
However, the film thickness (Fig. 3b) shows a linear behavior as a function of the current
density, where values of greater thickness can be obtained with n-type silicon compared to
p-type. In other words, with 10 Q3-cm n-type substrates, thick NPS layer with low porosity
can be obtained, which, is related to an accelerated electrochemical etching. The discussion
in the following sections correspond to NPS films from p-Si and n-Si obtained at the same
conditions (20 mA, 1:1 etanol: HF), unless otherwise noted.
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Fig. 3. Experimental a) porosity and b) thickness vs. current density of NPS films determined
by the gravimetric method.

2.2 Structural characterization
2.2.1 Grazing-Incidence X-ray Diffraction
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Fig. 4. Grazing-Incidence X-ray Diffraction of the nanocrystalline porous silicon from a) p-Si
and b) from n-Si of approximately 10 ym (Arenas et al., 2008).

With Grazing-Incidence X-ray Diffraction (GID), it is possible show that, as a result of the
electrochemical treatment of crystalline silicon, a nanocrystalline thin film is obtained, as
shown in Fig. 4. At small incidence beam angles, () < 2.5° a broad reflection corresponding to
the film is observed, whereas, at () = 2.6° only the crystalline silicon diffraction peak is shown
as an acute signal. Both kinds of signals are detected at () = 2.5°. A broad reflection indicates
that its average crystal size is smaller than that of in the crystalline silicon according to the
Scherrer equation (Patterson, 1939):

0.9
L= 1
Bcost M)
where A is the wavelength of the incident X-rays (0.15406 nm), B is the half value breadth of the

diffracted beam and 6 is the Bragg angle. Thus, it was possible to estimate an average crystal
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size, L, for the films. The results indicate that the average crystal sizes are in the nanometer
range: L=3.5 nm for the film obtained from p-Si and L=3.1 nm from n-5i.

2.2.2 Surface molecular structure
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Fig. 5. Infrared spectra of NPS a) as prepared and b) oxidized at 300 °C.

The nanocrystalline silicon surface is saturated by hydrides (H™) due to the nature of the
electrochemical etching. The functional groups Si — Hy (x=1, 2, 3) present in NPS can be
identified by IR, as shown in Fig 5. The characteristic bands correspond to the molecular
vibration of the bonds Si — H; at 910 cm~ ! and Si-H at 2087 cm 1 (Beckmann, 1965; Bisi et al.,
2000). It is possible to break these bonds easily by heating, light or exposure to gases and
liquids, even after long periods of time under storage. Chemical stabilization of the surface is
reached by controlled thermal oxidation; at 300 °C (Fig. 5b), the Si-H band disappears and a
new band at 1000 ¢~ 1 assigned to the Si-O bond vibration is observed (Fauchet et al., 1997).
Other bands due to surface reactivity with the environment are summarized in Table 1.

2.2.3 Morphology by SEM and AFM

Nanocrystalline silicon film is a highly porous structure. It is composed of wires formed
perpendicular to the surface, as can be observed using scanning electronic microscopy (SEM),
as shown in Fig. 6a. Their length and diameter depend on the formation conditions and,
therefore on the crystalline silicon type. From p-Si, wires with a diameter estimated by atomic
force microscopy (AFM) between 130 and 160 nm are obtained, as shown in Fig. 6b, whereas,
from n-Si, wire diameters are about three times smaller, between 30 and 60 nm, as shown in
Fig. 6c¢.

3. Optical properties of NPS

Optical properties such energy band gap (Eg) and refractive index (n) of the NPS depend on
the etching conditions, current density, electrolyte composition and type of silicon substrate
(p-Si or n-Si). At high porosities, a blue shift of the optical absorption of NPS can be observed
(Sagnes et al., 1993), i.e., the Eg and n can be modified.
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Functional group |Wavenumber (cm 1) Assignment

OH 3610, 3452 Si — OH y HyO stretching

CH 2958, 2927, 2856 CHjs, CHy y CH stretching

SiHF; 2314, 2245, 2206 —

SiH 2248, 2197, 2136, 2116, 2087,|0s3 — SiH,SiO, — SiH, SiSi — SiH,
2089, 2115, 2070 SipH — SiH, and Si3 — SiH stretching

SiH, 2110 Stretching

Cco 1630,1720 —

CHs 1463 Asymmetric stretching

SiCH3 1230 Bending

SiO 1050,1056-1160 O — Si — O stretching

Si—0—Si 1070 Asymmetric stretching

SiH 979/948 Sip — H — SiH bending

SiH, 880-906, 908, 910 Scissoring

SiHp 856, 845 Wagging

SiO 827-832 O — Si — O bending

SiH 661 Wagging

SiH 624-650 Si3 — SiH bending

Si—Si 616, 620 Stretching

Table 1. Vibrational frequencies of NPS species by IR spectroscopy (Bisi et al., 2000).

Fig. 6. Morphology of the nanocrystalline porous silicon film: a) SEM image of the
transversal section from n-Si; b) 3D AFM image from n-Si, and ¢) 3D AFM image from n-Si.
Scale in z= 30 nm/div.

3.1 Energy band gap of free standing NPS
The relationship of the optical transmittance (T) and absorption coefficient (x) of a
semiconductor with thickness d is (Schroder, 1998):

B (1 _ R)Zefocd
= 1 — R2¢—2ad * 2
If the reflectance of the semiconductor is almost null, R ~ 0 and equation 2 is simplified:
T=e¢ 5= —llnT. (3)

d
The absorption coefficient is related to the semiconductor optical band gap (Eg) (Sze, 1990):

(ahv)T = C(Eg — hv), (4)
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Fig. 7. Optical transmittance of free standing NPS films prepared using different anodization
conditions.

where h v is the photonic energy, C is a constant and -y takes values of 2 for direct transitions
and 1/2 for indirect transitions.

The optical transmittance of free standing NPS films changes according to the porosity value
and the anodization parameters, as shown in Fig. 7. Free NPS films with porosities of 60%
and 70% show similar transmission spectra, but interference fringes that are well defined
are only observed in less porous NPS films. The interference fringes are produced due to
the light interference in the film. At low HF concentrations, the films show about 60% to
70% transmission, unlike the films prepared at high HF concentrations (Fig. 7b). The direct
and indirect band gap of these free standing films are shown in Fig. 8 and Table 2. For
direct transitions, the experimental Eg of the films is about 2.64 - 2.7 eV closer to the 3.3 eV
value reported for powdered NPS supported between two transparent substrates by Feng
(Feng & Tsu, 1994). The direct transition gives an Eg approximately 1.88 - 2 eV closer to
those reported for NPS used in optoelectronic applications (Lugo et al., 1998; Peng et al., 1996;
Sagnes et al., 1993). High concentrations (25%) of HF produce free standing NPS with larger
Eg, which is distinctive of highly porous films, whereas, in low concentrations (15%), the less
porous films show lower Eg values. Sagnes found that the Eg value can also be modified by
the nanocrystalline size (Sagnes et al., 1993).
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Fig. 8. a) Direct and b) indirect band gap of free standing NPS films obtained from p-Si.

NPS films from|HF (%) ] (mA/cm?), %|Direct Eg|Indirect
(o = Q-cm) porosity, [Time, s] (eV) Eg (eV)
p-Si (0.002) ~14 % 2, 60% 2.7 2.0
p-Si (10) 25 % 20, 73% 2.64 1.88
n-Si (0.0015) 25 % 20 1.79 1.64

15 % 20 2.85 2.64

15 % 2, [1200] 2.96 2.9

15 % 2, [480] 3.08 2.66

Table 2. Direct and indirect band gap of free standing NPS films prepared using different
conditions.

3.2 Complex refractive index of NPS on silicon substrate

The optical reflectance of NPS on a silicon substrate is about 20 to 40% depending on the
anodization conditions (Fig. 9). The main difference is in the amount of interference fringes,
which are sensitive to the current density and thickness of NPS films (Arenas et al., 2010).
This optical property determines important film parameters such as its refractive index and
its extinction coefficient.

The NPS film is composed of air and silicon. Therefore, its refractive index (n) should range
between 1.0 and 3.4. If the NPS is highly porous, n is closer to the refractive index of the
air, and its value increases when the NPS films present low porosity (Arenas et al., 2010;
Kordas et al., 2004). An algorithm is proposed to calculate the complex refractive index of NPS
on crystalline silicon by means of reflectance spectra only (Arenas et al., 2010). Additionally,
the NPS film thickness is determined by the normal reflectance spectra without information
from its transmission spectrum (i.e., the separation of NPS films from the silicon substrate
is not necessary). The algorithm is based on the analytical relations established by Heavens
(Heavens, 1965) to obtain both the complex refractive index and thickness of an absorbing
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Fig. 9. Optical reflectance of NPS supported on a silicon substrate.

thin film on an absorbing substrate. Based on this model, some simplifications are introduced
at different wavelengths. The model considers the maxima and minima of the interference
fringes of reflectance spectrum (see inset Fig. 9a), and Ryzx and R, are the assumed values
for the continuous maxima (minima) envelopes using the following equation (Arenas et al.,
2010):

1 4g18(1— g2 — g3x% + g2g3x2)x

i . 5
R, 81 — 281832 + g5t ®

where R, is defined as (Manifacier et al., 1976; Swanepoel, 1983)
1 o Rmux - Rmin ) (6)

Rr Rmumein
The model is only valid in the range of 1000 to 2500 nm, where the absorption is almost
constant. For the UV-Vis region, other considerations must be taken into account (Swanepoel,
1983; Torres et al., 2003). It was applied to NPS films obtained from p-Si substrates, as shown
in Fig. 10. It was found that the refractive index of NPS films with 60, 70, 72 and 87% porosity
is a function of this parameter, where n decreases at high porosities of NPS, which is consistent
to the trend reported by Bisi (Bisi et al., 2000).
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Fig. 10. Experimental refractive index of NPS supported on a silicon substrate (Arenas et al.,
2010).

4. Electrical properties

4.1 Photoconductivity

The electrical current is the amount of electrons flowing in a unit of time. An electron is the
elemental electrical charge in matter and its absence is called a hole. They are referred to as
free charge carriers because they are free to move from one point to another inside matter.
It is necessary to be aware that the particles that actually move in matter are electrons, and
hole movement is only a consequence. This movement leads to electron flow; a continuous
electron flow is one of the definitions of electrical current. When charge is flowing, there is
an electrical current. Under most circumstance, charges in movement are confined within a
limited region, in the interior of a metallic wire, the cylindrical volume of a neon tube, or the
transversal section of an electron beam into a kinescope, for instance. Quantifying the current
is the total charge crossing an area perpendicular to the flow per unit of time (s):

2
Q= " Idt 7)

Current originates from charge flow, and, inside of a conductor, these charges are electrons.
Therefore, electron movement is the phenomenon responsible for electrical current. The
coulomb is a magnitude that is defined by means of the elemental charge, which is the charge
that the electron has, -1.602 x 1071° C: 1 Coulomb = 6.242 x 10!8 electrons

For an idea of the size of a coulomb, approximately 6242197253433208489 electrons are needed
to form a charge of 1 C. Therefore, the amount of electrons passing a specific point dat a given
current level can be calculated. For example, if a current of eight amperes is crossing a cross
sectional area over five seconds, approximately 2.497 x 10%° electrons flowed across the area.
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Electrons movement inside matter has no velocity or acceleration constant due to interatomic
interactions and the material characteristics at the atomic level. Thus, this movement is based
on a phenomenon called diffusion or drift. The average velocity of electrons is approximately
4m/h.
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Fig. 11. Current as a function of time of the NPS film at three applied electrical voltages.

An electrical field, internal or external, is necessary to move electrons. Therefore, applying an
electrical potential to the bulk or surface can create an electrical current. An electromotive
source is used to apply a constant or variable external electrical field. It is a device that
converts chemical, mechanical or solar energy into electrical energy, which is necessary to
maintain a constant electrical charge flow. An electromotive source of one volt will perform
one joule of work over every charge of one coulomb passing through it. Photoresponse
characterization was performed for nanocrystalline porous silicon thin films to understand its
sensitivity to light exposure, as shown in Fig. 11. The technique consisted of applying a fixed
electrical potential on the material surface and recording the current under dark conditions
after illumination for a determined period of time and continuing after another period of time
without illumination. The current intensity of the NPS thin film is almost the same under
dark and illuminated conditions, as shown in Fig. 11. Based on the plot of I vs. t, it is possible
to estimate the total generated charge under an applied electrical potential under both dark
and illuminated conditions using Eq. 7. The area under the curve is the result of the defined
integral. The difference between the generated charge under light and under illumination is
charge generated by light exposure, where

generatedcharge = chargeunderlight + chargeunderdark. (8)

When a material is highly conductive, there are fower electrons due to illumination compared
to electrons in the conduction band. If the material is almost intrinsic, the generation under
light must be higher, but it also depends on the material band gap and the wavelength of light.
The nanocrystalline porous silicon layer used in the characterization was almost intrinsic.
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However, the charge generation was low, and thus, the material was not sensitive to this
wavelength. The charge generated under illumination corresponded to 2.14450152 x 10'°
electrons (Fig. 11).

4.2 Metal - NPS junction

Metal - semiconductor (M - S) contacts are an essential part of the electrical performance of
any semiconductor device because they are the communication channel between the world
inside the device and the world outside of it, which is a simple way to describe the role of M
- S contacts. The metal layer enables current to flow out of the device, allowing the external
circuit to work with the purpose for which it was designed. M - S contacts are fabricated by
depositing a metal layer over the semiconductor surface. Thus, both materials are in intimate
contact (Table 3). Metal deposition can be done by vapor deposition (Carroll et al., 1966),
metal sputtering (Murarka, 1983) and electroless techniques (Wolfgang, 1991), for example.
Vapor is used in manufacturing to deposit thicker layers. If the device structure requires
a thinner layer, the sputtering technique is used. Electroless techniques are also used for
thinner layers. However, they are not used often in manufacturing due to cycle time and
process issues. A technique is selected depending on the semiconductor device structure and
application. Depositing a metal on the semiconductor implies forming an interface between
two materials. The characteristics of this interface present many different issues, such as
mechanical, physical, chemical, and mainly electrical issues. Why is necessary to deposit a
metal layer over the semiconductor surface? The purpose is to protect to the semiconductor
surface from the environmental conditions. Most semiconductors are easily oxidized; metals
are less susceptible to oxidation. Therefore, the purpose of the metal layer is the protection
of the semiconductor surface and mechanical support for the external terminal connections.
Otherwise, the device performance would be unstable and easily degraded. Mechanical,
electrochemical and physical issues at the interface impact the main behavior of interest: the
electrical behavior.

Ohmic behavior Rectifying behavior

Height  barrier equals to|Barrier height positive and not
zero(Rhoderick & Williams,  1998;|equal to zero.

Salinas et al., 2006; Sze, 1990)
Minimum resistance stated at the M{Maximum or high resistance state.
- S interface.
Electrons and holes are able to flow|Electrons can flow in only one
to or from the semiconductor direction.

Table 3. Electrical behavior of M - S contacts based on barrier height level.

Therefore, whether the current can flow to the external circuit depends on the electrical
characteristics. The crystalline silicon industry is mature and manufactures electronic devices,
and thus, the M - S interface issues have already been overcome or at least minimized. When
a metal and a semiconductor are in intimate contact because the work functions of both
materials are different, a built-in barrier is created at their interface (Salinas et al., 2006), which
is called a Schottky barrier. The barrier height is directly related to the difference in the Fermi
levels between the metal and semiconductor material. The larger the difference is, the higher
will be the barrier height is. The barrier opposes the flow of the free charge carriers from one
side to another. The electrical behavior of M - S contacts is identified depending on the barrier
height (Salinas et al., 2006; Sze, 1990).
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When a new semiconductor material is proposed to build electronic devices, research on
the M - S interface must be done. For nanocrystalline porous silicon the panorama is not
as clear as that for crystalline silicon. The electrical characterization of M - S with different
metal layers must be done. If the Schottky barrier is equal or close to zero, an ohmic contact
is expected. The current can flow inside or outside the device with minimum opposition,
and the relationship between electrical potential (V) and current (I) is governed by Ohms
law (Salinas et al., 2006; Sze, 1990), the contact is considered ohmic. If the barrier height
is not close to zero, a rectifying contact can be expected. An ohmic contact affects the
electrical performance of the device with a minimum or insignificant impact. There is a
condition of minimum resistance across the contact, and therefore, free charge carriers can
flow in or out of the device. However, rectifying contacts play an important role in different
applications. In addition to these two types of contacts, a third type of contact could be
formed if the semiconductor is heavily doped. In this special case, the Schottky barrier is
sufficiently thin to let carries tunnel across it instead of jumping to overcome the barrier.
There are many considerations to keep in mind during the analysis of M-S behavior. One
consideration, for example, is the interfacial states, which are present at the mechanical
junction of the contact, such as unbonding atoms, a rough surface, and mechanical damage
during the metal deposition. For an ideal M - S contact, interfacial states are not taken
into account. If this assumption works, no deep analysis is needed. Otherwise, a different
characterization technique must be used to find the electrical behavior of the interfacial states
(Rhoderick & Williams, 1998). For ideal conditions, Schottky theory explains the interface
behavior and establishes the method to estimate the barrier height value.

This theory is called Schottky in honor of the German physicist Walter H. Schottky, who
developed it. According to Schottky theory:

If Dye101 < Pp—semiconductor, @ rectifying barrier must be formed at the interface.

If @yetar > Py semiconductor, an ohmic contact exists rather than rectifying behavior.

If D001 > Py _semiconductor @ rectifying barrier must be formed at the interface.

If D001 < Ppy—semiconductor» AN ohmic contact exists rather than rectifying behavior.
Characteristics of the I vs. V curve of a Schottky junction can be described by the following
equation (Rhoderick & Williams, 1998):

I=1p [exp <%) — 1} , 9)

where I, is the reverse saturation current, which can be experimentally determined. If the
transport mechanism for electrical current is given by thermoionic emission theory, the barrier
height (¢;) of the junction can be defined by the following equations:

Ip = aA**T? exp (—(%)f’) ,

kT I

where A** is the modified Richardson constant, which depends on the effective mass of
electrons in the semiconductor (Rhoderick & Williams, 1998), T is the absolute temperature, a
is the contact area, and k is the Boltzmann constant. In practice, this junction hardly meets the
equation and can be described with the modified equation:
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I =Ipexp <%) [1—exp (—%)} , (11)

where the ideality factor of the diode, 7, is almost independent of the electrical potential (V)
and is greater than 1. The equation can be simplified as

I=Ipexp (%) when 'V > 3kT/q, (12)

From this last equation, the parameters I, and n can be obtained from the intersection and
slope of the straight line of the plot of In I vs. V. However, it is recommended to obtain them
from the plot of InI/[1 — exp(f%)} vs. V of Eq. 11 because the straight line involves all

values of V and not only the zone of V greater than 3kT/q, which can determine the value

I, with accuracy. The deviation of linearity due to other transport mechanisms is better seen
v

when plotting InI/[1 — exp(— q—)] vs. V. Therefore, these recommendations are taken into

kT

account in this study to handle the experimental data of developed junctions.

Aluminum (Al), copper (Cu) and gold (Au) have work functions of ® 4;=4.3 eV (Brabec et al.,
2001), ©¢,= 4.6-4.7 eV (Rhoderick & Williams, 1998) and & 4,=5.1 eV (Brabec et al., 2001),
respectively. To generate contacts of crystalline silicon,p-Si (10 Q2-cm) with an acceptor density
of 1015 em—3 = 102 m—3 and nSi(10 Q-cm) with a donor concentration of 101 c¢m =3 = 1020 m—3
were used.

According to the I/[1 —exp(—qV /kT)] vs. V curves of the metal contacts of p-type and n-type
silicon with aluminum and copper (not shown here), the exponential behavior of the current
in the potential range of -1 to 1 V is similar to a rectifier, and the rectifier ratio (Fr) at a given
potential can be estimated with the following equation:

FR — Imux (13)
Lnin
In the Cu:p-Si:Al contact, the rectifier behavior is governed by the Cu:p-Si contact because the
Al:p-Si showed ohmic behavior:

e Frisabout1.0 x 10%at+1V.

¢ In the potential range of -1 V to 0.04 V, the reverse saturation current I, is 1.57 x 107° A
and n=1.04

e Between 0.06t0 0.18 V, [, is 2.1x 10 ° A and n=2.4

® The deviation of the ideal n value (n=1) could be due to the presence of the interfacial layer
or recombination in the depletion region.

* Above 0.18 V a serial resistance 1239 ohms was determined by the procedure described in
(Pierret & Neudeck, 1989).

® The high serial resistance could be due to the physical contact between copper and silicon.
The parameters of the Cu:n-Si:Al are the following:
e Frisabout18at+1V.

e Under reverse bias, the linear behavior of the current indicates a decrement of the barrier
height potential due to the interfacial layer.
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e Between -1 to 0.05V, I, is 1.34x 107°® A and n=1.09. Therefore, the current is given by I=
1.34 x 107% exp(qV / (1.09kT)).

e At 0.04 to 0.14 V, I, is 8x 107 A and n= 2.0. The current is given by I= 8x 1077 A
exp(qV/(2.0kT)).

e The high value of n indicates that the current is limited by the recombination in the
depletion zone, which can be described by;

%4 |4
() e (4]

where I;, depends directly of the depletion weight.

e At high injection potential, the serial resistance is approximately 1799 ohmes.

Fig. 12 displays the barrier height (¢,) distribution of the silicon contacts with aluminum
and gold metals. For the determination of the ¢, it was assumed that the electrical current
is governed by the thermoionic emission mechanism. Therefore, Eq. 10 was used. The
Richardson constants (A**) taken into account were 32 Acm—2 K—2 for p-Si and 112 Acm™2
K2 for n-Si (Rhoderick & Williams, 1998).

0.9

l i Au
0.5 cu Cu
0.4
0.3

p-Si n-Si

Fig. 12. Barrier height of metal contacts based on silicon.

5. NPS photovoltaic devices

5.1 Fundamental equations of a solar cell
A solar cell produces electrical energy by the absorption of solar irradiation without a
secondary process. The electrical parameters of a photovoltaic device under dark conditions

are given by (Sze, 1990)
I=1p [exp (%) — 1} , (15)

where I is the current flow through the device under the influence of an electrical potential
in direct bias V, Ip is the reverse saturation current, n is the diode ideality factor, k is the
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Boltzmann constant, q is the electron charge, and T is the temperature.
If gV /nkT > 3, the exponential term of the diode equation is predominant. Therefore, direct
bias of the I vs. V curve is governed by

nkT nkT’ (16)

where I, and n can be estimated with the extrapolation at V = 0 and the slope of the plotIn 1
vs. V, respectively.
Considering the resistances of the device, the equation diode is modified as

I=1Ip [exp <7‘7(Vn;7{RS)) - 1} T 7‘7(‘;{;;?5). 17)

where R and Ry, are the serial and shunt resistances.

I = I,exp (ﬂ> :>1n1:1n10+ﬂ

Under illumination, the current is given by the following equation:

_ gV -IR)\ ], a(V-IR)
I=1p [exp < T 1| + Ropnn Ir. (18)

where I} is the electrical current under illumination conditions.
The current under illumination for an arbitrary photovoltage is

I=1Ip {exp (%) — 1} — 7. (19)

where I, is the short circuit current at V = 0.
If I = 0, Equation 19 is simplified to obtain (Vo.):

kT I
Voc = —In {—L + 1} . (20)
Io
The conversion efficiency, 7, is given by
Priax Isc * Voc * FF
= 100 = ———F——— %1 21
n A*P,-n* 00 AxP, x 100, (21)

where V,, is the open circuit voltage, Is; the short circuit current, Viuax, Iax and Pyqy are the
voltage, current and power maxima, respectively, FF is the fill factor, A is the effective area
(m?) and P;, is the incident irradiation (W /m?2).

5.2 Photovoltaic NPS based devices

NPS is widely used in optoelectronic applications (e.g., photonic and electroluminiscent
devices). This nanocrystalline porous material has been used as a reflector layer in solar
cell devices due its large light-trapping. Few works on the photovoltaic effect of NPS
(Arenas et al., 2005; 2006;a; Smestad et al., 1992) indicate the need for continued research in
this field to understand the mechanism charge carrier transport in NPS according to the type
of silicon substrate, which is part for its fabrication.

NPS devices from p-Si and n-Si were fabricated using aluminum as the back contact and
copper as the front contact. Both devices depicted the exponential behavior of the current
under dark conditions, as shown in Fig. 13. The graphic adjusted to a diode rectifier with a
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high confidence level. Experimentally, linear current behavior was found in the metal contacts
of the Cu:NPS film and Al:p-Si substrate. Therefore, the rectifier behavior in the p-Si device is
only attributed to the NPS:p-Si interface. In the NPS:n-5i device, the rectification contribution
was mainly due to the Cu:NPS, shown in Table 4. The rectification ratio at = 1 V was on
the order of 10° for both devices. In fact, the NPS layer modified the electrical parameters
of the silicon devices, ], decreased by four orders of magnitude and the resistance increased
one order of magnitude. In all devices, the n values was far from that of an ideal diode,
suggesting that the current transport was limited by the depletion zone (Pierret & Neudeck,
1989; Rhoderick & Williams, 1998).

a) Cu:NPS:p-Si: b) Cu:NPS:n-SizAl

1E-54 1E-54

n=1.76 (0.18 -0.47V)
— 11
Z 1671 lo= 47x10™M A
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1,5=1.42 x10°A
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Fig. 13. Current - voltage curves under dark conditions of NPS devices based on p-Si and
n-Si.

Under illumination, the photovoltaic effect is evident in the NPS devices, as shown in Fig. 14.
The current density is about 0.13 to 0.32 mA/cm?, and the open circuit voltage average is 235
mV for NPS:p-Si devices and 330 mV for NPS:n-Si devices. The photovoltaic effect was also
observed in silicon devices without an NPS layer, suggesting that it is caused by the Schottky
diode of the copper with the semiconductors. A thicker NPS film under the silicon substrate
shows a similar behavior, indicating that the photovoltage is based on Cu:NPS and the Cu:n-Si

junctions (Arenas et al., 2008).

Devices |Jo Fr n Rs Jsc Vioc FF 7 (%)
(mV)
(mA/cm?) |at £1V|(at V) (ohms) |(mA/cm?)

p-Si 0.17 1x10% |2.03 1239  |— —
(0.04-0.17)

NPS:p-Si [1.59x10* |2 x10%|1.89 8557  |0.13 235  |0.33  |0.016
(0.05-0.33)

n-Si 0.15 18 3.04 1799  |0.32 355  |Lower
(0.07-0.29)

NPS:n-Si [2.8x1075  [1x103 |2.7 18441 0.2 330 |Lower
(0.09-0.18) 0.96

Table 4. Electrical parameters of NPS devices based on p-Si and n-Si.
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Fig. 14. J vs. V curves under illumination conditions of NPS devices from p-Si and n-Si
(Arenas et al., 2008).

The contribution of the photocurrent and photovoltage in the heterojunction was monitored
by the spectral response, as shown in Fig. 15. The relevant points for NPS:p-Si devices are
described below:

The photocurrent and photovoltage spectra are similar in the range of 1 to 3.5 eV of photon
energy.

Two zones are well defined, the first in the infrared region (1-1.47 eV ) and the second in
visible region (1.47 eV -3.25 eV ).

In the infrared region, the contributions are due to the absorption of bulk p-silicon, where
the maximum peak consists of the energy band gap of bulk silicon.

The contribution of NPS is evident in the visible zone, where the NPS presents high
absorption (Eg 1.8 eV).

Four smaller interferences (steps) are shown in the range of 2.11 to 2.63 eV. The average
between these steps is about 0.17 eV + 0.02.

Similar steps were observed in the photovoltage response of the NPS device based on
aluminum, which were related with the distribution sizes of the nanocrystalline silicon in
the NPS layer (Yan et al., 2002).

Two minima are seen at 1.47 eV and 1.85 eV. The first decrement of energy is due to the
end of the contributions of bulk silicon and the start of the contributions of the NPS. The
second decrement is due to the radiative recombination of charge carriers caused by the
photoluminescence process (Wang et al., 1993; Zhang et al., 1993).

For NPS:n-Si devices, the photovoltage and photocurrent spectral response were very
different than that of NPS devices fabricated from the p-Si substrate:

The Cu:n-Si and Cu:NPS:n-Si devices showed similar behavior in terms of spectral
response.

Only the sharp peak at 1.2 eV is displayed in both spectra. It suggests that the energy band
gap of NPS is similar to the energy band gap of silicon substrate or well, the contribution
of the NPS to the photovoltaic effect is negligible. The absence of photocurrent from the
NPS layer is attributed to the recombination of charge carriers due to the dangling bonds
(Hwang et al., 2011).
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Fig. 15. Photocurrent and photovoltage of NPS devices from p-Si and n-Si (Arenas et al.,
2008).

An energy diagram for NPS from p-Si (Fig. 16) is shown with the experimental data of Eg
(=~ 1.88 eV ) and the electronic afinity of NPS (x ~ 3.6 eV (Peng et al., 1996)). The data for
crystalline silicon were also taken into account (Eg=1.12 eV ): Er=~4.99 eV for p-Si of 10 )-cm
(Sze, 1990). The internal electrical field originated at the interface of the NPS:p-Si junction
causes the opposite charge carriers to reach their respective metal contacts: electrons to Cu
through NPS and holes to Al through p-Si. The photovoltage or photocurrent responses of the
device were produced by the photogeneration of both electrons and holes in p-Si for photon
energies greater than 1.12 eV and in NPS for energies greater than 1.8 eV.

=
&
Eoo—— AE,
AE =0.45 eV

¥
+ 'z
g FEslsev NPS +Z  pSi
S, Egrli2eV  memmm—m e [
. 4, + 7
AE,=0.23eV After junction
Before junction In dark

Under illumination

Fig. 16. Flat energy band diagrams of NPS devices based on p-Si before and after intimate
contact and under illumination conditions.

5.3 Hybrid photovoltaic NPS:polypyrrole devices

A novel hybrid heterojunction based on NPS and polypyrrole (PPy) was proposed
as a promising heterojunction for solar cell applications (Arenasetal., 2005; 2006;a;
2008). The conducting polymer improved the electroluminescent and photoluminescent
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properties of NPS (Antipan & Kathirgamanathan, 2000; Bsiesy etal., 1995; Halliday et al.,

1996; Parkhutik etal.,, 1994). The nanocrystallinity and the pore sizes are important

parameters of the NPS layer because of their influence on the topography of the PPy:NPS

devices and consequently the final performance of the PPy:NPS:n-Si devices (Arenas et al.,

2006a):

e First, the photovoltaic response is present in PPy:n-Si devices without any NPS layer
(Voe=135 mV, [5:=8.58 mA/cm?).

e The linear I - V curve trace under light is due to the high serial resistance (10* ohms), and
the efficiency conversion reached was 0.96%, as shown in Fig. 17a.

e The rough topography of the tip-like morphology of PPy:NPS devices leads to lower
values of V,c=60 mV and Jsc= 9.73 x 1073 mA/cm? compared to PPy:n-Si. The efficiency
conversion was approximately 2 x 10™4%.

¢ A smooth and agglomerated morphology led to the following electrical parameters of the
devices: Vpe=95 mV and Js.=0.13 x 1073 mA /cm?.

a) Cu:PPy:NPS:n-Si:Al _b) Cu:PPy:NPS:n-Si:Al
n
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Fig. 17. a) J vs. V in dark and illumination conditions and b) photovoltage spectra of an NPS
device based on polypyrrole.

The photovoltaic spectra displayed two peaks between 1 and 3 eV, as shown in Fig. 17b. The
first acute peak is in the energies of 1 to 1.47 eV, and the second broad peak is at 1.47 to 3 eV,
related to the contributions of the n-Si and PPy layers, respectively. The maximum peak at
1.9 eV corresponds to the energy band gap of PPy and is indicative of both components of
the photogeneration of the charge carriers. The internal electrical field in the PPy:n-Si slightly
aids the photogeneration of charge carriers.

6. Conclusion

This chapter focused on the preparation, characterization and systematic electrical evaluation
of NPS based photovoltaic devices. The large surface area of NPS makes it a promising
material for optoelectronic devices. The main structure of NPS is based on silicon crystals
of nanometric size, which depend on which silicon type is used. Its experimental energy band
gap of 1.8 eV leads to an absorption range in the visible spectra, which is an advantage if it
is required as an active absorbing material in solar cells. The results shown in this chapter
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demonstrate that NPS could represent a good alternative to develop solar cells based on
hybrid heterojunctions. However, it is necessary to continue researching strategies to dope
NPS to increase its electrical conductivity and therefore improve the conversion efficiency of
hybrid devices.
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1. Introduction

In the last few years, great efforts have been spent in the development of integrated
microsystems, devices of few square centimeters in size including microsensors, microfluidic
components, reaction chambers, detectors, and so on. More than a simple ensemble of devices,
this is a new research field that combines the properties and characteristics of different
materials to find innovative and affordable solutions in applications such as sensing,
biotechnology, analytical chemistry. The device miniaturization not only means lower costs
through mass production, but also improvement in terms of analysis time, simplicity of use
and decrease in consumption of materials (reagents and analytes) (Chandrasekaran et al.,
2007). The integrated devices are largely made of silicon but can also include a microfluidic
systems; for this reason, their technology is based both on the techniques used in integrated
circuit manufacturing and on “soft” fabrication methods (Xia & Whitesides, 1998).

In this chapter, we describe the fabrication and the characterization of integrated photonic
devices based on nanostructured silicon for biochemical optical sensing. The porous silicon
(PSi) is fabricated by electrochemical etching of doped crystalline silicon in an aqueous
solution of hydrofluoridric acid. It can be simply described as a network of air holes in a silicon
matrix: its dielectric properties, and in particular the refractive index, depend on the content of
void, which can be accurately controlled by tuning the process parameters, so that different
structures (Fabry-Perot interferometer, Bragg mirror, optical microcavity, aperiodic
multilayered sequences) showing good quality optical responses can be obtained. Like other
porous materials, PSi is an ideal platform for biosensing due to its high specific surface area
(~100 m2-cm3) which assures an efficient interaction with the species to detect. However, the
integration of PSi sensing structures in a microsystem is not straightforward: its surface
instability and the low compatibility with alkaline treatments, frequent in devices fabrication,
are severe limitations in this application field. In this chapter, we analyze these technological
limits and propose solutions that have led to the realization of innovative and high-performant
integrated devices using porous silicon as functional platform in bio-analysis experiments.

2. Properties of porous silicon

PSi is a very versatile material due to its peculiar morphological, physical, and chemical
properties: evidence of this is the huge number of papers about PSi features and devices
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based on this nanostructured material that appear in the literature every year. One reason
for this clear success is the easy fabrication of sophisticated optical multilayers, such as
one-dimensional photonic crystals, by a simple, but not trivial, computer-controlled
electrochemical etching process.

2.1 Porous silicon fabrication by electrochemical etching

Porous silicon was discovered in 1956 by the Uhlirs at Bell Labs, USA, during a study on the
electropolishing of crystalline silicon in an HF-based solution. They observed the formation
of a deposit “tentatively supposed to be a Si suboxide” (Uhlir, 1956). The scientific
community was not much interested in porous silicon until to 1990 when Leigh Canham,
working at the Defence Research Energy in England, demonstrated an efficient tunable
room temperature light output from the material (Canham, 1990). In the years later,
thousands of papers were published on porous silicon and its potential applications in
microelectronics, optoelectronic devices, chemical and biological sensing.
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Fig. 1. Electrochemical etching setup.

In most cases, the porous silicon structure is formed by electrochemical dissolution of doped
crystalline silicon wafers in hydrofluoric acid (HF) based solution. The cell used for the
electrochemical etching is schematized in Figure 1. The silicon wafer is the anode; it is
placed in back-side contact on an aluminum plate while the front side is sealed with an O-
ring and exposed to the anodising electrolyte. The cathode is made of platinum. The
anodisation cell is made of a highly-acid resistant polymer such as polyvinylidene fluoride
(PVDF) or polytetrafluoroethylene (PTFE). For highly resistive silicon substrate (> few
mQ/cm) an evaporated metal backside contact is necessary to ensure the Schottky contact
between the aluminum plate and the semiconductor.

Figure 2 shows the anodic I-V curve of silicon in HF based solution; the different dissolution
regions of the curve are labeled A-C. Pore formation takes place in region A. At anodic
overpotentials in excess of the current “peak,” region C, silicon electropolishes. At
intermediate overpotentials, region B, a “transition” zone exists where pore formation and
electropolishing compete for control over the surface morphology. The resulting structure
within this region is generally porous in nature but the pore diameters increase rapidly as
the electropolishing potential is approached.
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Fig. 2. Anodic I-V curve for silicon in HF. In the region A pore formation occurs. In region C
there is the silicon electropolishing. The region B is a transition zone where pore formation
and electropolishing compete (Smith & Collins, 1992).
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Fig. 3. Dissolution mechanism of silicon in hydrofluoridric acid (HF) (Lehmann & Gosele,
1991).

The exact dissolution chemistries of silicon are still in question, although it is generally
accepted that holes are required in the initial steps for both electropolishing and pore
formation. The Figure 3 illustrates the chemical dissolution mechanism suggested by
Lehmann and Gosele ((Lehmann & Gosele, 1991), that has received great attention. If a hole
of the silicon substrate has the sufficient energy to reach the surface, a nucleophilic attack on
Si-H bond by fluoride ion can occur and a Si-F bond is formed (step 1 in Figure 3). Due to
the polarizing influence of the Si-F bond, another F- ion can attack and bond under
generation of an H» molecule and injection of one electron into the substrate (steps 2 and 3).
The polarization induced by the Si-F groups reduces the electron density of the Si-Si
backbonds; these weakened bonds will now be attacked by HF or H>O (step 4) in a way that
the silicon surface atoms remain bonded to hydrogen atoms (step 5). The silicon
tetrafluoride molecule reacts with the HF to form the highly stable H,SiFe.

In the case of n-type silicon, where holes are minority carriers, the electrochemical
dissolution of the material strongly depends on the hole/electron pair generation by
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illumination. In fact, when lightly doped (majority carrier concentration below ~108 cm-3) n-
type silicon is anodised in the dark, the formation of PSi is observed only at high voltages
(>5 V). If the anodisation is perform under illumination, PSi is formed at lower potentials
(<1 V).

2.2 Porous silicon morphology

The PSi shows a great variety of morphologies dependent on the doping type and level of
the silicon substrate and the electrochemical etching parameters. Usually for a given
substrate and electrolyte, only one type of pore structure can be obtained.

The IUPAC (International Union of Pure and Applied Chemistry) guidelines define ranges
of pore sizes that exhibit characteristic absorption properties (Sing et al., 1985): pores
characterized by a diameter < 2nm define microporous silicon; for sizes in the range 2-50 nm
the PSi is mesoporous; pores diameters > 50 nm are typical of macroporous silicon.

Highly doped (10 cm?3) p- or n- silicon anodized in aqueous HF solution usually forms
mesopores with pore sizes from 20 nm to 50 nm (Figure 4 (a)). Several groups have
demonstrated that complex optical devices can be designed with mesoporous silicon (Mulloni
& Pavesi, 2000). In the case of lightly doped (below ~1018 cm=3) p-type silicon, the porous size
distribution is normally found in the range 1 - 5 nm, in the lower limit for mesopores (Figure 4
(b)). The influence of the HF concentration has been studied (Ruike et al., 1996): it has been
found that the pore size distribution broadens and the mean pore radius increases when the
HF concentration in the etching solution is decreased from 55 to 37 %, but no significant
changes are observed for lower HF concentrations. The electrochemical etching of lightly
doped n-type substrates in the dark results in the formation of a macroporous material with
radii in the micrometer range. Under sample illumination mesopores and/or micropores are
formed, whereas macropores are still found (Figure 4 (c)).

2.3 Porosity and refractive index determination

The most important parameter of the PSi is the porosity, defined as the fraction of void
within the porous layer. The easiest way to determine the porosity is by weight
measurements. The wafer is weighed before the anodic reaction (mji), after the anodic
reaction (m;) and finally after dissolution of the porous material in a molar NaOH aqueous
solution (ms). The porosity is given by the equation:

p-1"™ (1)

my — g

After the removal of the porous layer, it is also possible to determine its thickness by
profilometric analysis. Another interesting technique, that allows to determine
simultaneously both the thickness and the porosity of a PSi layer without destroying the
material is the spectroscopic ellipsometry (SE) (Tompkins & McGaham, 1999). The method
is based on the measurement of the change in the polarization state of the light over the
spectral range after the reflection from the sample surface. Ellipsometry measures the
complex reflectance ratio (p) defined by:
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Fig. 4. SEM images illustrating different PSi morphologies. (a) p+ <100> silicon; the pores
have an average width of 30 nm. (b) p <100> silicon; the pores size is about 2 nm. (c) n
<100> silicon; the material consists of two parts, micro and macropores are found.

where R, and R; are the complex reflection coefficients of the light polarized parallel and
perpendicular to the plane of incidence. Thus,  and A are, respectively, the amplitude ratio
and the phase shift between s and p components of polarized light. From experimentally
determined p, it is possible to obtain information about the properties of the material by
performing proper model calculations. The use of SE in the near IR-UV spectral range for
studying PSi has been largely reported in literature (Zangooie et al., 1999; Pickering et al.,
1993). The PSi can be modeled by using a sequence of sublayers, each one constituted by air
and crystalline silicon, in order to take into account the inhomogeneity along the layer
normal (Zangooie et al, 1998) and adopting the Bruggeman effective medium
approximation (EMA) (Aspnes et al., 1979) given in the Eq. 3:

(1—P)( €si —Epsi J+P( €void ~ €psi ]:0 3)

&g+ 2&pg; €goid T+ 2€pg

where P, &, epsi, and ewid are the layer porosity, the dielectric constants of silicon, porous
silicon and void, respectively. This approximation is acceptable because the size of the PSi
pores is much smaller than the wavelengths of incidence light in the near IR-UV regions; in
this range, the electromagnetic radiation does not distinguish between silicon and void, and
it is possible to treat the PSi as a homogeneous medium.
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Fig. 5. Dependence of the PSi refractive index on the porosity given by the Bruggeman
effective medium approximation.

The root square of the dielectric constant is the complex refractive index, i=n+ik where n is
the refractive index and the imaginary part k is the extinction coefficient. k is related to a, the
linear absorption coefficient, by the relation k=al/4r where 1 is the optical wavelength. The
Figure 5 shows the dependence of the PSi refractive index on porosity given by the
Bruggeman model.

2.4 Thermal oxidation of porous silicon

The PSi is a material characterized by a high chemical reactivity; if stored in ambient air, the
texture becomes partially oxidized and both the refractive index and the extinction
coefficient change. To stabilize the PSi and eliminate the problem of aging, the thermal
oxidation of the structure is used. The oxidation reduces or completely removes the Si from
the skeleton substituting it by SiO,, that isotropically grows also into the pores. The Figure 6
shows the SEM images of PSi layer (a) and oxidized PSi layer (b).

200nm

Fig. 6. SEM images of p* PSi layer (a) and p+ PSi layer pre-oxidized at 300°C for one hour
following by an oxidation step at 900 °C in wet O; for 1 hour (b) (Pirasteh et al., 2006).
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It is possible to observe that after the oxidation the pore shape is conserved but the size is
reduced. In particular, the mean value of the pores width from 18 nm becomes 13 nm. Since
the pores density is the same and the pore size decreased, the porosity after oxidation is
lower than the porosity before oxidation (Pirasteh et al., 2006). The relationship between the
porosities of a PSi layer before and after the thermal oxidation is expressed by the equation:

(1-P,)=(1+1.27x)(1-P) )

where P is the porosity before oxidation, P, the porosity after the oxidation and x is the
oxidation extent which is a function of the temperature T and the duration t of the process:

1

xX(T,t) =044 [%J ®)

initial

PSi is generally oxidized in a pure O; atmosphere by a two step thermal treatment. The first
oxidation step, defined as pre-oxidation, at low temperature (300 - 400 °C) is required in
order to selectively oxidise the silicon backbonds thus assuring an easy propagation of the
oxidant into the silicon structure (Yon et al., 1987). Moreover, the pre-oxidation reduces the
damage of the material texture in the second oxidation step at higher temperatures between
800 and 900 °C (Pap et al., 2005).
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Fig. 7. Schematic diagram of the model layer used in the ellipsometric analysis and
calculated 1, A spectra compared with the experimental ones before (a) and after (b) the pre-
oxidation at 400° C for 30 min of the p* PSi layer.

A p* PSi layer pre-oxidised at 400°C for 30 min has been characterized by spectroscopic
ellipsometry before and after the thermal process. In Figure 7 are reported the schematic
diagrams of the models used in the analysis and the calculated  and A spectra compared
with the experimental ones before (a) and after (b) the pre-oxidation of the material. The
value of the variable x has been estimated to be about 0.02; the oxidation interests only the
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surface of the material. A short (3-5 min) thermal treatment at 900°C completely oxidized
the structure; in this case x=1 and the Eq. 5 becomes (1-P,) = 2.27(1-P).

3. Porous silicon photonic devices

In the last few years, PSi resonant photonic structures as Fabry-Perot interferometers (Dancil
et al., 1999), Bragg reflectors (Snow et al., 1999), optical microcavities (De Stefano et al.,
2003), and Thue-Morse sequences (Moretti et al., 2006) have been intensively studied by
several research groups in particular for their photonic properties as interference filters.

The refractive index profile of a PSi multilayered structure can be realized by choosing the
proper current density profile during the electrochemical etching of crystalline silicon. This
is possible because the PSi fabrication process is self-stopping; an as etched PSi layer is
depleted of holes and any further etching only occurs at the pores tips (Lehman, 2002). In
this section the PSi optical structures, fabricated for experimental purposes, are described.

3.1 Fabry perot interferometer

A single layer of PSi optically acts as a Fabry-Perot interferometer. In Figure 8 (a) the
reflectivity spectrum of a PSi layer under white light illumination is reported. The maxima
in the reflectivity spectrum appear at wavelengths 4,, which satisfy:

m=2nd /A, (6)

where m is an integer, d is the film thickness and # is the average refractive index of the
layer (Lin et al., 1997; Anderson et al., 2003). Assuming that the refractive index is
independent on the wavelength over the considered range, the maxima are equally spaced
in the wavenumber (1/4,). When m maxima are plotted as a function of the wavenumber,
each point lies on a straight line whose slope is two times the optical path of the
interferometer, as it is shown in the Figure 8 (b).
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Fig. 8. (a) Reflectivity spectrum of a PSi layer realized by the electrochemical etching of p*
crystalline silicon in a solution of 15 % hydrofluoric acid applying a current density of 115
mA/cm? for 11 s (P=69 %; n=1.593 @1.2 pm; d=2.9 um); (b) m-order peaks are plotted as
function of the wavenumber. The optical path of the interferometer has been estimated to be
(4620+40) nm.



Porous Silicon Integrated Photonic Devices for Biochemical Optical Sensing 283

3.2 Bragg mirror and optical microcavity

The Bragg mirror is a periodic structure made alternating layers of high (ny) and low (nr)
refractive index, whose thicknesses satisfy the relation 2(ny dy + nr dp )J=mAs, where m is
the order of the Bragg condition (Figure 9 (a)). The layer stack is usually denoted as
[HL]N, where N is the number of periods. The periodicity gives to the structure a
photonic band gap (PBG) behavior characterized by the property to forbid the
transmission of the light at fixed wavelengths. The reflectivity spectrum of a Bragg mirror
is thus characterized by the presence of a stop band centered around the Bragg
wavelength Ap (Figure 9 (b)). For a given number of periods, the height and width of the
reflectivity stop band increases by increasing the index ratio H/L. A low index contrast
can be compensated by a higher number of periods.
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Fig. 9. (a) Schematic of a Bragg mirror. (b) Experimental normal incidence reflectivity
spectrum from a Bragg mirror (black line) compared with the calculated one (red line).
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Fig. 10. (a) Schematic of an optical microcavity. (b) Experimental normal incidence
reflectivity spectrum of a microcavity (black line) compared with the calculated one
(red line).
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An optical microcavity is a A/2 layer sandwiched between two distributed Bragg mirrors
(Figure 10 (a)). The reflectivity spectrum of a microcavity is characterized by a transmittance
peak in the photonic stop band (Figure 10 (b)). The Q factor of the microcavity is defined as
Q=NAA, where 1 is the wavelength of the resonance peak and Al is the full width half
maximum (FWHM) of the resonance. This parameter is used to evaluate how the light is
confined in the PBG structure. The calculated reflectivity spectra of the structures reported
in Figure 9 e 10 have been reproduced by a transfer matrix method (Muriel & Carballar,
1997), also taking into account the wavelength dispersion of the silicon refractive index.

3.3 Thue-Morse sequences

A quasi-crystal (QC) does not have a geometrical periodicity but is still deterministically
generated. Even if these structures do not have a translational symmetry, they show several
interesting physical properties such as the photonic band gaps, some resonance frequencies,
and some high localized states (Soukoulis & Economou, 1982). Thue-Morse (T-M) (Liu, 1997)
sequence is one of the most common examples of one dimensional QC. The T-M one
dimensional structure is constituted by the sequence of two layers A and B with refractive
index na (ng) and thickness da (dg). Applying the substitution rules A—>AB and B—BA [26]
all subsequent orders can be deduced, as follow: Sy=A, S;1=AB, S,=ABBA, S;=ABBABAAB,
S;=ABBABAABBAABABBA, and so on.
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Fig. 11. Experimental (solid line) and calculate (dash line) reflectivity for Ss T-M structure (a)
and S; T-M structure (b). The measurements have been taken at normal incidence.

The layers number of Sy is 2N, where N is the T-M order. Dielectric T-M structures up to 128
layers have been fabricated by using PSi technology (Moretti et al., 2006). The high porosity
layers are characterized by a porosity pa=81%, with an average refractive index n,=1.3 and a
thickness d4=135 nm.
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Fig. 12. Experimental reflectivity spectra of S¢ T-M structure for the transverse electric (TE)
mode (solid line) and the transverse magnetic (TM) mode (dash line) for different incident
angles.

The low porosity layers are characterized by a porosity pp=56%, with a effective refractive
index n5=1.96 and a thickness dz=90 nm. The thickness d; of each layer was designed to
satisfy the Bragg condition ndi= 1o/ 4 where n; is the average refractive index and 1y=700 nm.
In Figure 11 the experimental (solid line) and calculated (dash line) reflectivity spectra are
shown in case of S (11-a), and S; (11-b) T-M structures. The good control in the fabrication
process of the devices is demonstrated by the agreement between the measured and
calculated spectra. The not perfect matching can be ascribed to non-uniformities of thickness
and porosities of layers along the etching direction. The Figure 12 reports the experimental
reflectivity spectra of the Sy T-M structure for both the TE (solid line) and the TM (dash line)
polarization for different incident angles up to 30°. The grey area highlights a PBG region of
70 nm, centred at 1100 nm which exists in the incident angle range between -30° and 30°.
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4. Biochemical sensing based on porous silicon photonic devices

Biosensors are devices able to detect chemical and biological species or microorganisms.
They can be used in many applications such as clinical diagnostics, environmental
monitoring, and food quality control. A biosensor is constituted by a biomolecular probe,
which can selectively recognize a biochemical target, immobilized on a transducer that
converts the biological interaction into a signal. Different sensor platforms with remarkable
detection properties, based on potentiometric, amperometric, magnetic and optical
transducers have been developed. Among others, photonic sensing devices offer specific
features which make them very attractive when not unique. Optical measurements are not
invasive and can be used in harsh environments: they do not require electrical contacts that
can cause explosions or fire. Opto-instrumentation is immune to electromagnetic
interferences so that they are highly requested for applications where electrical currents
could be harmful such as in vivo monitoring inside a patient body. Moreover, optical sensors
are generally characterized by very short analysis time and high sensitivity. The optical
detection principles are based either on fluorescence-labelled systems or on direct optical
monitoring. Fluorescence detection has been the main approach in medical diagnostic,
biotechnology and drug discovery for a long time. Recently, a new class of optical label-free
sensors has been proposed, which uses direct optical methods (photoluminescence (Chan et
al., 2001), surface plasmon resonance (SPR) (Homola et al., 1997; Jung et al., 1998),
reflectivity (Mace et al., 2006), interference (Brandenburg & Henninger, 1994)) and label-free
natural probes such as DNA sequences and proteins.
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Fig. 13. A PSi biosensor is obtained immobilizing a biomolecular probe on the surface of a
PSi transducer by using a proper functionalization process. The device is able to selectively
recognize a target analyte in complex mixture.

The PSi is an ideal material as optical biosensor transducer since its large surface area can be
easily modified by proper chemical passivation process. The label-free sensing mechanism is
based on the change of the PSi refractive index on exposure to the substances to be detected,
due to their infiltration into the pores; the consequence of the refractive index variation is a
change in the reflectivity / transmittivity spectrum of the devices. The first measurement so
far has been reported by Lin et al. who measured the shift of PSi Fabry-Perot fringes to
detect the DNA hybridization (Lin et al., 1997). Since then, there has been a rapid growth of
research activities in this area.

A key step in the fabrication of the PSi biosensor is the functionalization (i.e. covalent
immobilization of the bioprobe) of its surface with the biological probe in order to make the
device selective for the species of interest (Figure 13). The two main approaches used for the
surface functionalization are the ex situ immobilization and the in situ synthesis.
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4.1 Ex situ immobilization on PSi surface

The major drawback of the “as etched” PSi is its chemical instability: it is well known that
the hydrogen-terminated PSi surface is slowly oxidized at room temperature by
atmospheric oxygen, resulting in a blue shift of the optical spectrum (Canham, 1997).
Moreover, it has been shown that a PSi device can be dissolved on exposure to alkaline
solutions very often used in experiments of functionalization and biomolecular recognition
(Anderson et al., 2003). The simplest method used to stabilize the PSi surface is the thermal
oxidation of the structure. As already reported in section 2.4, the thermal oxidation at
around 900°C completely oxidizes the PSi device inducing a reduction in pore diameter and
porosity. Alternatively, a chemical oxidation in pyridine solution can be used: the process
does not affect the pore size but it produces an oxide worse than the thermal one in terms of
density and surface roughness. In both cases a change of the surface wettability, from
hydrophobic to hydrophilic, is observed.
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Fig. 14. Scheme of the functionalization process of a PSi Bragg mirror surface with DNA
probe single strand (25 mer).

“ssDNA

An example of surface functionalization with a bioprobe synthesized ex situ is reported in
Figure 14. A PSi Bragg mirror, stabilized by means of a thermal oxidation at 900°C, was
immersed in Piranha solution (4:1 sulfuric acid to hydrogen peroxide) for 40 min in order to
assure the formation of Si-OH bonds. The chip was rinsed with deionized water and dried
in a nitrogen stream. Then, the PSi surface was silanized in a 5 % solution of APTES
(3-aminopropyltriethoxysilane) and anhydrous toluene for 30 min at room temperature.
After the reaction time, the chip was washed twice in toluene to remove loosely physisorbed
APTES, and baked at 100 °C for 10 min. The chip was thus immersed in a 2.5%
glutaraldehyde (GA) solution in 20 mM HEPES buffer (pH 7.4) for 30 min. The GA reacts
with the amino groups on the silanized surface and coats the internal surface of the pores
with another thin layer of molecules. The PSi surface was incubated overnight at 4°C with a
200 pM amino terminated DNA single strand solution (30 pL).

From the optical point of view, the thermal oxidation causes blue-shifts of the reflectivity
spectrum of the device of about 69 nm (Figure 15-b) due to the lower value of the SiO»
refractive index (1,,=1.46) with respect to the Si refractive index (15=3.9). On the contrary,
the functionalization steps (APTES+GA, and DNA probe) produce red shifts of the
reflectivity spectra of 16 and 10 nm (Figures 15-c and 15-d), respectively, due to an
increasing of the average refractive index of the layers.

4.2 In situ synthesis of oligonucleotides on PSi surface

The in situ synthesis of oligonucleotide (ON) on PSi surface is an alternative method to the
traditional immobilization of DNA fragments. In situ technique allows to obtain high ON
surface coverage and flexibility in the choice of the probe sequence.
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Fig. 15. Reflectivity spectra of the Bragg mirror before (a) and after (b) the thermal oxidation
process, after the APTES and GA functionalization (c), and after the DNA probe
immobilization (d).

Here, we report the ON synthesis on a PSi Bragg mirror obtained by alternating 20 high
(H) refractive index layers (low porosity) and low (L) refractive index layers (high
porosity) (Rea et al., 2010). The Bragg mirror was produced by electrochemical etching of
highly doped p*-silicon, <100> oriented, 0.003 Q c¢m resistivity, 400 pm thick, using a HF
(50% in weight):ethanol = 1:1 solution in the dark and at room temperature. A current
density of 200 mA/cm? for 1.2 s was applied to obtain the low refractive index layers
(nr=1.542; d;=125 nm) with a porosity of 72%, while a current density of 100 mA /cm?2 was
applied for 1.4 s for the high index layers (15=1.784; dz=108 nm) with a porosity of 64%.
The structure has been thermally oxidized against uncontrolled environmental aging and
corrosion in alkaline biological solutions. After the oxidation process, the PSi device was
immersed in freshly prepared Piranha solution for 40 min at room temperature, rinsed
with deionized water, and dried in a stream of nitrogen gas. This treatment creates Si-OH
groups on the PSi surface. The structure was introduced in a suitable column reactor
before the synthesis. DNA oligomer, constituted by thymine (T), was assembled on the
chip following standard phosphoramidite chemistry by ten growing cycles thus obtaining
polymer bound T10 (Figure 16).
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Fig. 16. Scheme of the solid phase synthesis of the 10 bases oligonucleotide 4 on the PSi-OH
surface 1 using 5'-dimethoxytrityl-thymidine-phosphoramidite 2; i: standard automatic
synthetic cycle (Rea et al., 2010).

In order to quantify the surface functionalization, we have removed the 5'-dimethoxytrityl
(DMT) protecting group from the support-bound 5-terminal nucleotide by using
the deblocking solution of trichloroacetic acid in dichloromethane (3% w/w). The release of
the protecting group generates a bright red-orange colour solution in which the quantity
of the DMT cation could be measured on-line by UV-VIS spectroscopy at 503 nm
(e = 71700 M-1cm?). The Figure 17 shows the DMT analysis performed on the PSi device
after each synthesis cycle: the amount of DMT indicated reaction yields over 98%. These
values resulted almost steady during the ON growing process, confirming the stability of
the chip surface and the high accessibility of ON 5'-OH end groups By averaging over these
values, we have estimated a functionalization degree of 3.25 nmol/cm?. The presence of ON
chains bonded on the chip has been also verified by spectroscopic reflectometry. The
biological molecules, attached to the PSi pore walls, induce an increase in the average
refractive indexes of the layers, causing a red-shift in the reflectivity spectrum of the Bragg
mirror. The magnitude of the shift increases with the increase of the pores surface coverage
with the organic matter. The reflectivity spectra of the PSi multilayered structure before and
after the ON synthesis are reported in Figure 18. A red-shift of 11 nm has been measured.
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Fig. 17. DMT measurements performed on the sample after each synthesis cycle.

5. Integrated microfluidic porous silicon array

The microarray technology has demonstrated a great potential in drug discovery, genomics,
proteomics research, and medical diagnostics (Pregibon et al.,, 2007; Poetz et al., 2005;
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Fig. 18. Reflectivity spectra of the Bragg mirror before (solid line) and after (dash line) the
oligonucleotide synthesis.

Nishizuka et al., 2003). The key issue is the very high throughput of these devices due to the
large number of samples that can be simultaneously analyzed in a single parallel
experiment. Further advantages are fast time analysis and the consumption of very small
amount of reagents. The microarray technology is based on the immobilization of a large
number of highly specific recognition elements on a solid platform. Different types of
platform surfaces have already been explored; the most common examples are derivatized
glass and gold/aluminium substrates (MacBeath & Schreiber, 2000; O’Connor & Pickard,
2003). Silicon, and silicon related materials, is by far the most important and diffuse material
for lab-on-chip applications due to the high development of the integrated circuits
technology. Recently, porous silicon substrates have been proposed for reverse phase
protein and DNA microarray (Ressine et al., 2007; Chen et al., 2009; Yamaguchi et al., 2007):
small sensing area with high detection efficiency is the key feature in both applications, in
which quantitative signals are generated by fluorescence and infrared spectroscopy,
respectively. Alternatively, we have studied the fabrication process and the optical
characterization by reflectometry of a microarray of PSi photonic devices as functional
platform for label-free detection of biomolecular interactions (Rea at al., 2010b). The array
support has been integrated with a microfluidic circuit made of polydimethylsiloxane
(PDMS) which strongly reduces the functionalization time, chemical and biological products
consumption, while it preserves all the features of the PSi label-free optical detection.

5.1 Fabrication and optical characterization of the PSi Bragg mirror microarray

The integration of the PSi elements in a microarray is not straightforward. To this aim a
proper technological process has been designed. The process flow chart of the PSi p-array
fabrication is schematized in Figure 1. The silicon substrate was a highly doped p*-type
wafer with a resistivity of 0.01 Q cm, <100> oriented and 400 pm tick. Silicon nitride has
been used as masking material during the electrochemical etching since it shows a better
resistance against the HF solution with respect to photoresist, which effectively protects the
silicon only for 2-3 min (Tao & Esashi, 2004). The silicon nitride film, 1.6 pm thick, was
deposited by PECVD on the substrate (Figure 19 (a)). A standard photolithographic process
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was used to pattern the silicon nitride film (Figure 19 (b)), which has been subsequently
etched by RIE process in CHF3/O; atmosphere (Figure 19 (c)). Finally, the silicon wafer was
electrochemically anodized in a HF-based solution (50 wt. % HF : ethanol = 1:1) in dark and
at room temperature (Figure 19 (d)). We have realized the Bragg reflectors by alternating
high (H) refractive index layers (low porosity) and low (L) refractive index layers (high
porosity); a current density of 80 mA/cm? was applied to obtain low refractive index layers
(n2=1.6) with a porosity of 71 %, while one of 60 mA/cm?2 was applied for high index layers
(ny=1.69) with a porosity of 68 %. The device was then fully oxidized in pure O,.
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Fig. 19. Technological steps of the PSi p-array fabrication process.

The optical microscope image of the microarray and the reflectivity spectra of some Bragg
mirror elements are reported in Figure 20. The diameter of each element is of 200 pm, but it
can be reduced to about 1 um, by changing properly the photolithographic mask. The
reflectivity spectra at normal incidence of the Bragg devices are characterized by a
resonance peak at 627 nm and a FWHM of about 25 nm. The spectra demonstrate also the
uniformity of the electrochemical etching on the whole microarray surface.
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Fig. 20. Optical microscope image of the microarray and reflectivity spectra of the PSi Bragg
mirrors.

5.2 Integration of the PSi array with a microfluidic system

The microfluidic system was designed by a computer aided design software. The pattern
was printed 10 times bigger than its real size on a A4 paper by a laser printer (resolution
1200 dpi) and then transferred on a photographic film (Maco Genius Print Film) by a



292 Crystalline Silicon - Properties and Uses

photographic enlarger (Durst C35) reversely used. The designed fluidic system was
replicated by photolithographic process on a 10-pm thick negative photoresist (SU-8 2007,
MicroChem Corp.) spin-coated for 30 s at 1800 rpm on a silicon substrate. After the
photoresist development (SU-8 developer, MicroChem Corp.), the silicon wafer was
silanized on exposure to chlorotrimethylsilane (Sigma-Aldrich Co.) vapour for 10 min as
anti-sticking treatment. A 10:1 mixture of PDMS prepolymer and curing agent (Sylgard 184,
Dow Corning) was prepared and degassed under vacuum for 1 hour. The mixture was
poured on the patterned wafer and cured on a hot plate at 75°C for 3h to facilitate the
polymerization and the cross-linking process. After the PDMS layer peeling, inlet and outlet
holes were drilled through it in order to allow the access of liquid substances to the system.
Finally, the PDMS layer was rinsed in ethanol in a sonic bath for 10 min. The surfaces of
PDMS layer and microarray, whose PSi elements were thermally oxidized, were activated
by exposing to oxygen plasma for 10 sec to create silanol groups (Si-OH) as shown in the
schematic reported in Figure 21, aligned under a microscope using an x-y-z theta stage, and
sealed together. After the sealing with the PDMS system, the PSi elements of the array have
been functionalized with DNA single strand, as described in section 4.1. The microfluidic
circuit allows to use only few microlitres (~5 pl) of biologicals with respect to the tens of
microlitres used in the case of not integrated devices. Moreover, the incubation time has
been also reduced from eight to three hours. After the bio-functionalization with DNA
probe, we have studied the DNA-DNA hybridization by injecting into the microchannel 200
uM of complementary sequence. Figure 22 shows the reflectivity spectra of a PSi Bragg
mirror after the DNA functionalization and after the complementary DNA interaction. A
red-shift of 5.0 nm can been detected after the specific DNA-DNA interaction. A negligible
shift, less than 0.2 nm (data not reported in the figure), is the result of a control
measurement which has been done exposing another functionalized microchannel to non-
complementary DNA, demonstrating that the integrated PSi array is able to discriminate
between complementary and non-complementary interactions.

PDMS
O ¢ o ¢ o
I T T I I
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Fig. 21. Scheme of the fabrication process used to integrate the PSi array with a PDMS
microfluidic system.

6. Conclusion

The PSi technology allows the fabrication of different multilayered devices with complex
photonic features such as optical resonances and band gaps. These photonic structures,
functionalized with a biomolecular probe able to selectively recognize a biochemical target,
have been successfully used as label-free optical biosensors. The sensing mechanism is
based on the increase of the PSi refractive index due to the infiltration of the biological
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Fig. 22. Reflectivity spectra of a PSi Bragg mirror after the DNA probe attachment (solid
line), and after the hybridization with the complementary DNA (dash line).

substances into the nanometric pores of the material; the consequence of the refractive index
change is the shift of the reflectivity spectrum of the photonic devices. Since PSi technology
is compatible with the microelectronic processes, it can be easily used as functional platform
in the fabrication on integrated microsystems. As example, we have reported the realization
of a PSi microarray for the detection of multiple DNA-DNA interactions. The array,
characterized by a density of 170 elements/cm?, has been integrated with a microfluidic
system made of PDMS which allows to reduce the consumption of the chemical and
biological substances.
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1. Introduction

According to reporting by the Intergovernmental Panel on Climate Change (IPCC), global
warming brings a variety of adverse effects including record-high temperatures, flooding
due to increased rainfall, expansion of arid areas and a higher risk of drought, and stronger
typhoons. Accordingly, it is necessary to mitigate emissions of greenhouse gases (GHGs;
CO», CH4, N2O and others), which cause global warming. However, as GHGs are invisible,
the amounts in which they are released are generally unclear.

Life cycle assessment (LCA) - the main topic of this chapter - is useful in calculating
emissions. Although it is not ideally suited for evaluation on a macro scale (investigation
from a global viewpoint, for example), it is highly appropriate for micro-scale analysis (e.g.,
consideration of products and generation systems). The results of LCA can clarify major
emissions, thereby enabling consideration of measures for their reduction.

This chapter discusses LCA in relation to photovoltaic (PV) systems. First, an overview is
given and the scheme of LCA is described, and evaluation indices, LCA limitations,
inventory analysis, impact assessment and interpretation are outlined. Then, guidelines for
LCA in regard to PV systems are discussed with a focus on important matters for related
evaluation. Next, the collection of LCA data is outlined, and finally, calculations from
example papers are introduced in relation to LCA for PV modules, PV systems and balance
of system (BOS) technologies.

2. What is LCA?

Life cycle assessment (LCA) is an approach to environmental management system
implementation involving the quantitative evaluation of a product’s overall environmental
impact. Energy requirements and CO, emissions throughout the whole life cycle of the
product (including its manufacture, transport, use, disposal, etc.) are estimated in order to
enable such evaluation, and the results can be used for related environmental assessment.
However, since life cycle is related to a broad range of variables and is complicated, it is
difficult to comprehend the exact significance of the results. Accordingly, it is very
important to set a purpose for the evaluation. An LCA operator should implement research
that matches the purpose and interpret the outcomes appropriately.

The research and analysis scheme for LCA consists of the four stages shown in Fig. 1 as
follows: 1. goal and scope definition; 2. inventory analysis; 3. impact assessment; and 4.
interpretation. The results of inventory analysis are referred to as life cycle inventory (LCI)
data. LCA is applicable to any product or service, but its results are affected by objects,
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assumptions, data availability and accuracy. Hence, it is impossible to generalize the
method in a very clear way. As a result, LCA operators and users must properly understand
the limitations of LCA and the assumptions that can be drawn from its results. The
essentials of LCA are standardized in ISO 14040 and ISO 14044, which stipulate the details
and basic points of the approach.

Goal and scope definition

Inventory analysis Interpretation Application

Impact assessment \ /

Fig. 1. Scheme of LCA

3. LCA for photovoltaic systems

In any LCA study, the purpose depends on the operator. However, when the operator
evaluates a photovoltaic (PV) system, the main research point or characteristic relates to
energy generation. This is a significant difference between PV systems and other products.
When a building developer discusses new energy supply systems (e.g., in relation to
buildings with low carbon emissions and high energy efficiency), LCA can highlight the
potential of PV systems and useful materials. This is expected to provide two advantages,
the first of which is PV system optimization. When a developer studies the installation of a
PV system, the environment of the installation site must be considered. To ensure
optimization, a variety of variables (e.g., cost and CO; emissions) are discussed. If LCA is
used, the system can be optimized from an environmental viewpoint.

The second advantage is comparability. When comparing energy generation technologies
(e.g., when researching the possible installation of a PV system as a supply of alternative
energy as opposed to other generation systems, or when installing energy supply systems
based on multiple generation technologies), the evaluation methods and rules applied must
be uniform. In such cases, LCA can provide quantitative results, thereby enabling
comparison of each technology on an equal footing.

3.1 Evaluation indices

In LCA study, evaluation indices are decided based on the purpose at hand. As PV systems
generate electricity, the new index of energy payback time (EPT or EPBT) can be evaluated.
EPT expresses the number years the system takes to recover the initial energy consumption
involved in its creation throughout its life cycle via its own energy production. An equation for
estimating EPT is shown below. The total initial energy for PV systems in Equation (1) is
calculated using LCA, and the annual power generation aspect is described in Sections 4 and 5.

Total primary energy use of the PV throughout its life cycle [kWh]

EPT [years] = 1)

Annual power generation [kWh/year]
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The CO; emission rate is a useful index for determining how effective a PV system is in
terms of global warming. Generally, this index is used for comparison between generation
technologies. As a PV system does not operate in the same way as a tree, there is no payback
of CO; emissions as such. However, some research on comparisons between PV systems
and other fossil fuel generation technologies have used CO; payback time as a metric. In
these studies, PV systems were viewed as an alternative to fossil fuels and as offering a
corresponding reduction in CO; emissions, which allowed calculation of the CO, payback
time. However, this paper does not deal with the concept of CO, payback time.

CO, emission rate [g-CO,/kWh]
Total CO, emission during life-cycle [g CO, ] )

- Annual power generation [kWh/year]x Lifetime [year]

3.2 Boundaries of LCA

As using different boundaries obviously creates different results, defining and making
boundaries known is important. Figure 2 shows typical boundaries for LCA of a PV
system from the mining of its raw materials to its final disposal. The next consideration is
the boundary for each stage. Boundaries involve products and services related to the
item’s life cycle. As the details vary in each case, it is important to fit the definition to the
purpose of the product. For example, factors including the type of PV module used,
efficiency, array, foundation, installation method and operation method should be
identified to build a suitable system. Indirect factors should also be considered as much as
possible.

Transport
N N
.. Manuf: Equi .
Mining anutac — quip Copstruc . Disposal
ture ment tion tion

N

l Electricity I

Fig. 2. Boundaries of LCA for a PV system

3.3 Inventory analysis

Inventory analysis is performed to evaluate the amounts of environment-influencing
materials consumed or produced during the object’s life cycle. It involves pinpointing the
processes involved in the life cycle and evaluating them quantitatively, then identifying all
related environment-influencing materials. The object’s data are subsequently evaluated as a
whole. However, as it is difficult to collect all information on related processes, the results
may have simplified or missing data. Accordingly, it is important to understand the
applicable boundaries, the quality of data and the assumptions involved in calculation when
performing LCA study.



300 Crystalline Silicon - Properties and Uses

3.4 Impact assessment

Impact assessment consists of three processes; classification, characterization and
weighting. In classification, environment-influencing materials are categorized in terms of
related influence events. For example, CO, will be categorized as producing global
warming, sulfur oxide (SOx) will be categorized as producing acid rain, affecting public
health and so on. Impact potential is calculated based on inventory analysis. In research
on energy payback time, the amount of energy consumed is calculated and classified. In
research on CO; emission rates, emissions are calculated and classified into a suitable
category.

In characterization, amounts of output materials are calculated with characterization
factors to produce impact category indicators. In particular, input energy is calculated in
terms of electricity or calorific value. Greenhouse gas emissions are calculated in terms of
CO; equivalents (COzeq) using global warming potential (GWP) figures as defined by the
IPCC. For example, in the case of a power conditioning system (PCS), the weight of each
material would be determined as relevant data, and the energy requirements/CO>
emissions of the production process would be ascertained. Then, input and output data
would be calculated using inventory analysis, and the results indicating the energy
requirement and COeq values would be calculated to provide the impact category
indicator.

Weighting is not stipulated in international standardization because it is considered difficult
to form a single indicator for the different areas of global warming potential and ozone
depletion potential. However, a simple comparison method is still needed. The two possible
methods for this are damage evaluation and environmental category weighting by
estimation. Whichever is used, the weighting must be transparent.

3.5 Interpretation

The results of LCA may depend on research boundaries and approaches to inventory
analysis. Accordingly, in related interpretation, the effects of operation methods should be
discussed. Usually, the data used in LCA include estimates and referred information. For
this reason, if the data affect the results significantly, sensitivity analysis should be
included.

4. L CA guidelines for PV systems

Recently, a set of LCA guidelines for PV systems titled “Methodology Guidelines on Life
Cycle Assessment of Photovoltaic Electricity” was published by the International Energy
Agency Photovoltaic Power System Programme (IEA PVPS), Task 12, Subtask 20. This is
an informative and useful resource for LCA operators of PV systems that helps with the
evaluation difficulties outlined in Section 3. This section describes a number of important
considerations covered in the guidelines for evaluating PV systems.

4.1 Lifetime

Lifetime is difficult to quantify because most PV systems introduced are still in operation or
were produced in the early stages of the technology’s development. However, many
researchers have studied the life expectancy of PV systems. The guidelines follow the results
of papers outlining such research, and set the lifetimes shown in Table 1.
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PV modules 30 years for mature module technologies

Inverters 15 years for small plants or residential PV systems; 30 years with 10%
part replacement every 10 years for large plants

Structure 30 years for rooftop- and facade-mounted units, and between 30 to 60

years for ground-mounted installations on metal supports. Sensitivity
analysis should be performed.
Cabling 30 years

Table 1. List of lifetimes (data from IEA/PVPS Task 12)

4.2 Irradiation data

Irradiation data depend on the location and tilt angle of PV modules. Accordingly, the two
main recommendations given are analysis of industry averages/best-case systems and
analysis of average systems installed on the grid network.

4.3 Performance ratio

The performance ratio (PR) depends on the type of installation. In general, the value rises
with lower temperatures and monitoring of PV systems for early detection of defects. Task
12's recommendation is 75% for rooftop-mounted and 80% for ground-mounted latitude-
optimal installations. Alternatively, actual performance data can be used where available.

4.4 Degradation

Most PV modules degrade year by year to an extent that is still an active topic of research,
especially for thin-film PV systems. However, 0.5% per year seems to be a typical number
for crystalline silicon PV modules. Accordingly, the guidelines set the degradation rate for
flat-plate PV modules. Mature module technologies are considered to maintain 80% of their
initial efficiency at the end of the 30-year lifetime under the assumption of linear
degradation during this time.

5. Collection of LCA data

LCA data are usually categorized into foreground and background types. Foreground data
relates to the materials from which products are made, such as arrays, foundations and
cable. Background data relate to materials that are indirectly involved, such as array steel,
foundation cement and cable copper. Foreground data are usually provided by producers,
while database values are used for background data due to the difficulty of collecting such
information. Such databases summarize the input and output data for various materials. For
example, LCA data for galvanized steel in an LCA database would show that the unit is 1
kg; the input data are the weight of coal, limestone, iron ore, natural gas, crude oil and so on
used in production; and the output data are the weight of related emissions of CO,, nitrogen
oxide (NOx), SOx, biochemical oxygen demand (BOD) and so on.

These data can be obtained from an LCA database or by using LCA software. Ecoinvent
(Switzerland) and the Life Cycle Assessment Society of Japan (JLCA) have well-known LCA
databases. The Ecoinvent resource is an inventory database with more than 4,000 entries
developed from research for the company’s environment reports, summaries of references
and questionnaire surveys. The JLCA database includes inventory data, impact category
indicators and reference data, which are based on a five-year project implemented by the
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New Energy and Industrial Technology Development Organization (NEDO). Although
inventory data are limited to about 280 entries, these are typical data obtained in
collaboration with industry associations, thus making them highly reliable. There are also
approximately 300 reference data entries made by industry associations themselves.
Calculation for small systems or products can be performed manually, but this is difficult
for large systems. Accordingly, LCA software is produced to support such operations. As
this type of software generally already includes LCI data, the operator does not need to
input individual values. SimaPro developed by PRé Consultants, GaBi Software by PE
International and MiLCA by the Japan Environmental Management Association for
Industry are examples of such programs.

Irradiation data are also required for LCA calculation in regard to PV systems. If it is
possible to use actual long-term generation data for such systems, there is no need for
irradiation data. However, environmental reporting is needed before a PV system is
installed. If irradiation data are available, PV system generation can be estimated and pre-
LCA can be evaluated. Meteonorm developed by Meteotest (Switzerland) is a well-known
irradiation database. It also provides a function to calculate irradiation in relation to tilted
planes, thereby eliminating the need to use complex metrological models. A further resource
is the System Advisor Model (SAM) energy analysis software developed by the National
Renewable Energy Laboratory (NREL, USA), which also includes a function for calculating
PV system generation. METPV and MONSOLA developed by NEDO are other irradiation
databases with data related exclusively to Japan.

LCA databases Ecoinvent, JLCA
LCA software SimaPro, GaBi, MiLCA
Irradiation databases | Meteonorm, System Advisor Model, METPV

Table 2. List of databases

6. LCA calculations from example papers

This section introduces four interesting papers on PV system LCA and their results. The
studies in question addressed PV modules, rooftop systems, balance of system (BOS)
technology and large PV systems.

6.1 LCA study on PV modules

This paper describes PV module LCA with a focus on emissions, including not only
greenhouse gases (GHGs) but also NOx, SOx, cadmium (Cd) and heavy metals. The results
for GHGs are summarized, and heavy metals form the main topic of the paper.

The use of cadmium telluride (CdTe) PV modules is growing rapidly because of their high
efficiency and low price. However, Cd can have adverse health effects, and there is now a
tide of concern regarding the safety of CdTe PV modules. However, this paper indicates that
emissions from such modules are much lower than those of oil power plants on a like-for-
like basis. LCA is a good method for highlighting this type of finding.

Data on GHGs, NOx and SOx are summarized in the paper assuming three cases: Case 1:
current electricity mixture for silicon (Si) production from the CrystalClear project and the
Ecoinvent database; Case 2: combination of the Co-ordination of Transmission of Electricity
(UCTE) grid mixture and the Ecoinvent database; and Case 3: the U.S. grid mixture and the
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Franklin database. In Case 1, GHG emissions of Si modules for the year 2004 are 30 - 45 g
COs2eq/kWh, and the EPT is 1.7 - 2.7 years. These figures are for rooftop installation. The
GHG emissions and EPT of a CdTe frame without PV modules are 24 g CO.eq/kWh and 1.1
years for ground-mounted installations. CdTe has about half the GHG emissions of
crystalline Si. A summary is shown in Table 4.

Paper title Emissions from photovoltaic life cycles!

Author(s) Fthenakis, V.M. Kim, H.C. and Alsema, E.

Journal Environmental Science & Technology 2008; 42 (6): 2,168 - 2,174
Irradiation 1,700 kWh/m?/year, 1,800 kWh/m?2/year

PV type ribbon-Si, multi-Si, mono-Si, CdTe

System configuration 0.75 - 0.8 performance ratio, rooftop- and ground-mounted
Lifetime 30 years

Results 20 - 55 g COzeq/kWh, 40 - 190 mg NOx/kWh, 60 - 380 mg
SOx/kWh (reading from figure)
Year 2006

Table 3. Summary of the paper

PV type Assumption GHG emissions EPT

Si modules Rooftop-mounted, 30 - 45 g COzeq/kWh | 1.7 - 2.7 years
0.75 PR,
1,700 kWh/m?2/yr

CdTe Ground-mounted 24 g COzeq/kWh 1.1 years
0.8 PR,

1,800 kWh/m2/yr
30-year lifetime

Table 4. GHG emissions and EPT

PV type and fuel type Atmospheric Cd emissions
Ribbon-5i 0.8 g/GWh
mc-Si 0.9 g/GWh
Mono-Si 0.9 g/GWh
CdTe 0.3 g/GWh
Hard coal 3.1 g/GWh
Lignite 6.2 g/GWh
Natural gas 0.2 g/GWh
Oil 43.3 g/GWh
Nuclear 0.5 g/GWh
Hydro 0.03 g/GWh
UCTE average 4.1 g/GWh

Table 5. Atmospheric Cd emissions

Fthenakis VM, Kim HC, Alsema E. (2008). Emissions from photovoltaic life cycles. Environmental
Science & Technology; 42 (6): 2,168 - 2,174
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Life-cycle atmospheric Cd emissions for PV systems from electricity and fuel consumption
are also evaluated for ribbon-Si, mc-Si, mono-Si, CdTe, hard coal, lignite, natural gas, oil,
nuclear, hydro, and UCTE average, and the results are given as 0.8, 0.9, 0.9, 0.3, 3.1, 6.2, 0.2,
43.3, 0.5, 0.03 and 4.1 g/GWh (10° Wh), respectively, shown in Table 5. Compared to the
emissions from oil at 43.3 g/GWh, PV system emissions are much lower.

Atmospheric emissions of arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), mercury
(Hg) and nickel (Ni) are also evaluated. The CdTe PV module shows the highest level of
performance, and replacing the regular grid mix with it affords significant potential to
reduce these atmospheric heavy-metal emissions.

6.2 LCA study on BOS in a 3.5 MW PV system (USA)

This paper was published in 2006. At the time, there were not many large PV systems such
as those operating at over a megawatt. Accordingly, this study provided worthwhile LCA
results. Even now, it is difficult to find such a detailed LCA study focusing on BOS. The
investigation did not include PV modules.

Energy payback and life-cycle CO, emissions of the BOS in an

Paper itle optimized 3.5 MW PV installation?

Author(s) Mason, J. E. Fthenakis, V. M. Hansen, T. and Kim, H.C.

Journal Progress in Photovoltaics, 2006. 14 (2): 179 - 190
Location/country Springerville, AZ/USA

I . 1,725 kWh/kW (actual performance data used for LCA),
rradiation

approx. 2,100 kWh/m?2/yr (average)

PV capacity /PV type 3.5 MW /mc-Si

System configuration Ground-mounted fixed flat-plate system

PV metal support structure: 60 years; inverters and

Lifetime transformers: 30 years (parts: 10 years)

Results BOS: 542 MJ/m?, 29 kg COseq/m2 021 years of EPT,
$940 US/ kW

Year 2006

Table 6. Summary of the paper

The 3.5 MW Tucson Electric Power (TEP) Springerville PV plant is located in eastern
Arizona, USA. The high elevation of this site and its low-temperature environment enables
higher efficiency for its PV modules, which are the crystalline silicon type. Electricity from
the plant is used to power a water pump at a coal-fired plant. PV support structures are
anchored to the ground with 30-cm nails, thereby eliminating the need for concrete
foundations. The structures’ design wind speed is 160 km/h. The annual average AC
electricity output in 2004 was 1,730 kWh/kW. The arrays each weigh 46.6 kg (including 5.44
kg of Al frame), cover an area of 2.456 m? and have a rated efficiency of 12.2%. The modules
are the frameless PV type.

The total installed cost of the BOS components is $940/kW. This does not include financing
or end-of-life dismantling and disposal expenses. However, the salvage value is assumed to
equal the costs of dismantling and disposal. The corresponding cost for inverters and related

2Mason JE, Fthenakis VM, Hansen T, Kim HC. (2006). Energy payback and life-cycle CO, emissions of
the BOS in an optimized 3.5 MW PV installation. Progress in Photovoltaics; 14 (2): 179 - 190
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support software is $400/kW, that for the wiring system is $300/kW, and that for the PV
support structures is $150/kW.

The life expectancy of the PV metal support structures is assumed to be 60 years. Inverters
and transformers are considered to have a life of 30 years, but parts amounting to 10% of the
total mass must be replaced every 10 years.

The total primary energy in the BOS life cycle is 542 MJ/ma2. Using the average US energy
conversion efficiency of 33% produces an EPT of 0.21. Under the average irradiation of the
US (1,800 kWh/m?2/year), the EPT becomes 0.37 years.

Fig. 3. PV system power plant of Tucson Arizona Public Service (photo by author)

6.3 LCA study on the 2 MW Hokuto mega-solar plant (Japan)

This paper describes a comparative study on LCA for 20 different types of PV systems.
Usually, comparative PV studies use different types of PV modules, but each module has
only one or two pieces. However, in this PV project, each PV module is about 10 kW,
making it necessary to evaluate the array size rather than the module size. On the other
hand, the LCI data used were not for the PV modules themselves; they were from the NEDO
PV project34, which researched LCA for six types of PV modules including mono-crystalline
silicon (mono-Si), amorphous silicon (a-Si)/mono-Si, multi-crystalline silicon (mc-Si), a-Si,
micro-crystalline silicon (pic-Si)/a-Si and copper indium selenium (CIS). The data are listed
in Table 8.

The installed PV modules are shown in Table 9. Six crystalline Si, one a-S5i/ mono-Si, seven
mc-si, one a-Si, two pc-Si/a-Si, and two CIS PV modules were installed and evaluated. The

3NEDO, Research and development of fabrication technologies for Life-Cycle Assessment of PV systems
(2009)

4Komoto, K. Uchida, H. Ito, M. Kurokawa, K. Inaba, (2008). A. Estimation of energy payback time and
CO2 emissions of various kind of PV systems. Proceedings of 23+ EUPVSEC; 3,833 - 3,835
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table shows that mc-Si PV modules have average or higher efficiency, while sc-Si PV
modules are lower than average. This should be noted and understood, as pointed out in the
paper.

The results showed an energy requirement ranging from 19 to 48 GJ/kW and an energy
payback time of between 1.4 and 3.8 years. CO, emissions were between 1.3 and 2.7 t
CO,/kW, and CO» emission rates ranged from 31 to 67 g CO»/kWh. The multi-crystalline
(mc-Si) and CIS types showed good results. In particular, the CIS module generated more
electricity than expected with catalogue efficiency. The single-crystalline silicon PV module
did not produce good results because, considering the energy requirement, installed sc-Si
PV modules do not have high efficiency.

Paper title A comparative study on life cycle analysis of 20 different PV
modules installed at the Hokuto mega-solar plant5

Author(s) Ito, M. Kudo, M. Nagura, M. and Kurokawa, K.

Journal Progress in Photovoltaics: Research and Applications, Volume
19, Issue 3

Location/country Hokuto City, Japan

Irradiation 1,725 kWh/m?2/year at a 30-degree tilt angle

PV capacity /PV type 600 kW /mc-Si, sc-Si, a-Si/sc-Si, thin-film Si, CIS, pc-Si/a-Si

System configuration Ground-mounted fixed flat-plate system

Lifetime 30 years; inverters: 15 years

Year 2011

Table 7. Summary of the paper

Module efficiency Energy CO; emissions
in reference requirement
PV module
mono-Si 14.3% 3,986 MJ/m? 193.5 kg CO,/m?2
a-Si/ mono-Si 16.6% 3,679 MJ/m? 178.0 kg CO,/m?
mc-Si 13.9% 2,737 MJ / m2 135.2 kg CO,/m?
a-Si (in 2000) - 1,202 MJ/m? 54.3 kg CO,/m?2
a-Si/ pe-Si 8.6% 1,210 MJ/ m2 67.8 kg CO2/m?
CIS 10.1% 1,105 MJ/ m2 67.5 kg CO/m?
10 kW inverter 0.57 GJ/kW 43 kg CO»/kW
Cable, conduit 1,068 GJ/600 kW  62.0 t CO,/600 kW
Array (galvanized steel) 225GJ/t 191t CO,/t

Table 8. LCI data from NEDO, Japan, on PV modules

5Ito, M. Kudo, M. Nagura, M. and Kurokawa, K. (May 2011). A comparative study on life cycle analysis
of 20 different PV modules installed at the Hokuto mega-solar plant, Progress in Photovoltaics: Research
and Applications, Volume 19, Issue 3
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Type Nominal power [W] Module efficiency [%]  Capacity [kW]
mono-Si 84 13.2 30
a-Si/ mono-Si 186 15.9 30
mono-Si 160 12.6 10
mono-Si 160 12.6 10
mono-Si 150 11.8 10
mono-Si 200 12.0 30
mono-Si 173 12.0 30
mc-Si 167 12.6 30
mc-Si 179 14.0 100
mc-Si 167 13.2 30
mc-Si 180 12.3 10
mc-Si 190 13.0 10
mc-Si 240 124 30
mc-Si 170 13.5 10
a-Si 60 6.1 30
pc-Si/a-Si 110 8.8 10
pe-Si/a-Si 130 8.3 10
CIS 70 8.8 30

CIS 125 11.2 3

Table 9. List of installed PV modules

Fig. 4. The 2 MW Hokuto mega-solar plant
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6.4 LCA study on a VLS-PV (very large-scale PV) power plant in the desert (IEA PVPS)
This research differs from the other papers because it involved a simulation study rather
than an actual system. However, the concept is interesting. It focused on a huge PV system
that can generate the same amount of power as an existing power plant.

The concept of the VLS-PV was developed under IEA/PVPS Task 8. The objectives of Task 8
are to examine and evaluate the potential of very large-scale photovoltaic power generation
(VLS-PV) systems. It was started in 1998, and the approaches of related evaluation are from
technological, financial, environmental and local people’s viewpoints. LCA is also
performed as part of Task 8 to evaluate the potential of VLS-PV plants. It is assumed that
very large-scale PV systems are installed in desert areas. This section discusses LCA studies
on the VLS-PV system.

Energy from the Desert: Very Large Scale Photovoltaic
Paper title Systems: Socio-economic, Financial, Technical and
Environmental Aspects®
Komoto, K. Ito, M. Van Der Vleuten, P. Faiman, D. Kurokawa,
Author(s) K
Publisher Earthscan
Location/country Gobi Desert/China
Irradiation 2,017 kWh/year at a 30-degree tilt angle
PV capacity /PV type 1,000 MW /mc-Si, sc-Si, a-Si/sc-Si, thin-film Si, CIS, CdTe
Lifetime 30 years; inverters: 15 years
System configuration Ground-mounted fixed flat-plate system
Year 2009

Table 10. Summary of the paper

The VLS-PV systems evaluated would have a capacity of 1 GW, and six kinds of PV
modules were supposed: mono-crystalline silicon (mono-Si), multi-crystalline silicon
(mc-Si), amorphous silicon/single-crystalline silicon hetero junction (a-Si/sc-5i), amorphous
silicon/micro-crystalline thin-film silicon (thin-film Si), copper indium diselenide (CIS) and
cadmium telluride (CdTe). The array structures were assumed to be conventional ones with
concrete foundations. For comparison, an earth-screw approach is also discussed.

The installation site was assumed to be in Hohhot in the Gobi Desert in Inner Mongolia,
China. Annual irradiation there was assumed to be 1,702 kWh/m?/year, and the in-plane
irradiation at a 30-degree tilt angle was 2,017 kWh/m?2/year. The annual average ambient
temperature was 5.8°C. Most of the equipment for the VLS-PV system was assumed to have
been manufactured in Japan and transported by cargo ship. However, the foundation and
steel for the array structure were assumed to have been produced in China. For these
materials, land transport was assumed over a distance of 600 km, and marine transport was
assumed to have covered 1,000 km. The lifetime of the VLS-PV system was assumed to be 30
years, while that of the inverter was 15 years. It was assumed that after the end of the
equipment’s lifespan, all of it would be transported to a wrecking yard and used as landfill.

¢Komoto, K. Ito, M. Van Der Vleuten, P. Faiman, D. Kurokawa, K. (September 2009). Energy from the
Desert -Very Large Scale Photovoltaic Systems: Socio-economic, Financial, Technical and Environmental Aspects,
Earthscan, ISBN-13: 978-1844077946
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From comparison, the value for the concrete foundation was 2,458 kt CO,/system, and that
for the earth-screw approach was 2,597 kt CO,/system. Usually, the earth-screw option
would be favorable, but not in this study. The paper pinpoints the reason as the low
efficiency of steel production in China. If this study had also included the recycling stage,
the results would have been different, as steel can be recycled easily.

Energy consumption was from 35 to 46 T]/ MW, and CO; emissions were from 2,300 to 3,200
t CO2/MW. The energy consumption of CIS was the smallest among the six types of PV
modules, and the CO, emission of mc-Si was the smallest. Figures 5 and 6 show the EPT and
CO; emission rate of the VLS-PV system. It was calculated that the EPT would be 2.1 - 2.8
years, and the CO; emission rate would be 52 - 71 g CO,/kWh. This means that the VLS-PV
would be able to recover its energy consumption in the lifecycle within three years and
provide clean energy for a long time. Furthermore, the CO; emission rate of the VLS-PV
system would be much smaller than that of a fossil fuel-fired plant. In particular, a PV
system generates during the day when fossil fuel-fired plants are also operational.
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Fig. 5. Energy payback time [years] of the VLS-PV system with six types of PV module
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Fig. 6. CO2 emission rate [g CO2/kWHh] of the VLS-PV system with six types of PV module

7. Summary

This paper describes life cycle assessment (LCA) of PV systems. An overview of LCA is
given in Section 2 outlining the method for quantitatively determining the environmental
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effects of products. Section 3 describes LCA for PV systems, outlining evaluation indices,
boundaries of LCA, inventory analysis, impact assessment and interpretation. Section 4
details LCA guidelines for PV systems, outlining important considerations for related
evaluation. Section 5 deals with the collection of LCA data, and outlines ways to obtain the
large amounts of information required for such analysis.

Section 6 presents LCA calculation by introducing related example papers. LCA of PV
modules, PV systems and BOS is described. According to VM. Fthenakis et al., greenhouse
gas (GHG) emissions from Si modules are 30 - 45 g COzeq/kWh, and the EPT of such
modules is 1.7 - 2.7 years. The corresponding figures for CdTe frames without PV modules
are 24 g COeq/kWh and 1.1 years for ground-mounted installations. According to JE.
Mason et al., the total primary energy in the BOS life cycle is 542 MJ/ma2. Taking the average
US energy conversion efficiency of 33%, the EPT is 0.21 years. From the author’s paper, the
results showed an energy requirement ranging from 19 to 48 GJ/kW and an energy payback
time of between 1.4 and 3.8 years. CO, emissions were from 1.3 to 2.7 t CO»/kW, and CO»
emission rates ranged from 31 to 67 g CO,/kWh. According to Komoto et al., the EPT of a
VLS-PV system would be 2.1 - 2.8 years, and the CO, emission rate would be 52 - 71 g
CO/kWh.

Since the lifetime of PV systems exceeds 20 years, a low ETP means that a system can
recover the energy required to pay for itself more quickly. These figures for CO, emission
rates are also much lower than those for fossil fuel plants. It can therefore be concluded that
PV systems have significant potential to mitigate global warming.

8. Abbreviations

a-Si Amorphous silicon

BOD Biochemical oxygen demand

BOS Balance of system

Cd Cadmium

CdTe Cadmium telluride

CH4 Methane

CIs Copper indium diselenide

CO, Carbon dioxide

EPBT Energy payback time

EPT Energy payback time

g COzeq Grams of carbon dioxide equivalents
GHG Greenhouse gas

GJ Gigajoule = 1,000,000,000 J

GW Gigawatt = 1,000,000,000 W

GWh Gigawatt hour = 1,000,000,000 Wh
GWP Global warming potential

IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change
JLCA Life Cycle Assessment Society of Japan
kWh Kilowatt hour = 1,000 Wh

LCA Life cycle assessment

LCI Life cycle inventory

mc-Si Multi-crystalline silicon
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M] Megajoule = 1,000,000 J

MW Megawatt = 1,000,000 W

N2O Nitrous oxide

NEDO New Energy and Industrial Technology Development Organization
NOx Nitrogen oxide

NREL National Renewable Energy Laboratory

PCS Power conditioning system

PR Performance ratio

PV Photovoltaic, Photovoltaic System

PVPS Photovoltaic power system programme

ribbon-Si Ribbon silicon

sc-Si Single-crystalline silicon

Si Silicon

SOx Sulfur oxide

TEP Tucson Electric Power

TJ Terajoule

UCTE Union of the Co-ordination of Transmission of Electricity
VLS-PV Very large-scale photovoltaic power generation system
pe-Si Micro-crystalline silicon
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Design and Fabrication of a Novel
MEMS Silicon Microphone

Bahram Azizollah Ganji
Department of Electrical Engineering, Babol University of Technology,
Iran

1. Introduction

A microphone is a transducer that converts acoustic energy into electrical energy.
Microphones are widely used in voice communications devices, hearing aids, surveillance
and military aims, ultrasonic and acoustic distinction under water, and noise and vibration
control (Ma et al. 2002). Micromachining technology has been used to design and fabricate
various silicon microphones. Among them, the capacitive microphone is in the majority
because of its high achievable sensitivity, miniature size, batch fabrication, integration
feasibility, and long stability performance (Jing et al. 2003; Miao et al. 2002; Li et al. 2001). A
capacitive microphone consists of a variable gap capacitor. To operate such microphones
they must be biased with a dc voltage to form a surface charge (Pappalardo and Caronti
2002; Pappalardo et al. 2002).

Typically, a cavity is etched into a silicon substrate by slope (54.74 deg) etching profiles
using KOH etching to form a thin diaphragm or perforated back plate (Kronast et al. 2001;
Pedersen et al. 1997; Bergqvist and Gobet 1994; Torkkeli et al. 2000; Kabir et al. 1999). The
forming of a cavity or back chamber from the backside of a wafer by KOH etching is slow
and boring in that several hundred micrometers of substrate must be etched to make the
chamber. Moreover, the KOH etching process is not compatible with the CMOS process.
Additionally, since the back plate requires acoustic holes that must be etched from the
backside in the deep back volume cavity, a nonstandard photolithographic process must be
used that requires the electrochemical deposition of the photoresist and an aluminum seed
layer. Most surface and bulk micromachined capacitive microphones use a fully clamped
diaphragm with a perforated back plate (Ning et al. 2004; Ning et al. 1996). The fabrication
process is typically long, cumbersome, expensive, and not compatible with high volume
processes. Furthermore, they are not small in size (Hsu et al. 1988; Chowdhury et al. 2000).
An important performance parameter is the mechanical sensitivity of the diaphragm. The
mechanical sensitivity of the diaphragm is determined by the material properties (such as
Young's modulus and the Poison ratio), thickness, and the intrinsic stress in the diaphragm.
Very thin diaphragms are very fragile. In microfabrication, it is difficult to control the
intrinsic stress levels in materials. In a prior paper (Rombach et al 2002), the stress problem
was addressed by using a sandwich structure for diaphragms, in which layers with
compressive and tensile stress were combined. If the diaphragm is composed of more than
one material, this may induce a stress gradient because of the mismatch of the thermal
expansions in the different materials. Any intrinsic stress gradient in the diaphragm
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material will cause diaphragm to bend, leading to a change of the air gap in the device, and
therefore the sensitivity and cut-off frequency.

The objective in this research is to overcome the disadvantages of the prior works by
designing a novel MEMS capacitive microphone that utilizes a perforated diaphragm; thus
achieving small size and improved microphone sensitivity by decreasing the mechanical
stiffness of the diaphragm.

2. Microphone design

Capacitive microphones generally consist of a diaphragm that is caused to vibrate by
impinging waves of acoustic pressure, a back plate and air gap. In its simplest form, a
diaphragm is stretched over a conductive back plate and supported by post so that there is a
gap between the membrane and the back plate. Figure 1 shows the basic structure of the
condenser microphone. A diaphragm is stretched by a tensile force, T, is put in front of a
fixed conducting back plate by means of a surrounding border which assures a separation
distance, d, to create a capacitance with respect to the back plate and biased with a DC
voltage. An acoustic wave striking the diaphragm causes its flexural vibration and changes
the average distance from the back plate. The change of distance will produce a change in
capacitance and charge, giving rise to a time varying voltage, V, on the electrodes.

This structure works as a condenser whose static capacitance is (Pappalardo et al. 2002):

A
C=¢g,— 1
= )
where g is the dielectric constant of the air and A is the surface area of the metallized
membrane.
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Fig. 1. Basic structure of the condenser microphone

When a DC voltage Vpc is applied between the two electrodes, an electric charge Qpy =

CoVpc appears on the surface of the membrane, where

__ %A
(d-xpc)

accounting for the gap height variation due to the bias voltage, and xpc is the static average
displacement due to the DC electrostatic force. In reception, an acoustic wave striking the

Co @)
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membrane causes its flexural vibration and changes the average distance from the back
plate, which becomes

X=d—xpc+X, =dy+x, ®)

where x, is the dynamic average displacement of the vibrating membrane. As a
consequence, the change of distance will produce a change in capacitance and charge, giving
rise to a time varying voltage V on the electrodes.

y-R_0Qx 4)
C glA

In the small signal approximation, using first order Taylor expansion around the bias point
(Vpe do) we have,

v
Q

Where V. and Q. are voltage and charge signal components and Qpc the polarization
charge. For this reason the surface electrical charges are forced to move giving rise to a small
alternating current which flows in the pre-amplifier input resistance Z; through the
condenser C.

In this research, 2 types of MEMS capacitive microphone have designed and fabricated on 4
inches silicon wafer. First design is microphone with clamped perforated diaphragm (see
Fig. 2). The novelty of this method relies on diaphragm includes some acoustic holes to
reduce air damping in the gap. Compared with previous works, the chip size of this
microphone is reduced; the complex and expensive fabrication process can be avoided by
making acoustic holes in diaphragm. Second design is microphone with slotted perforated
diaphragm (see Fig. 3). The novelties of this method relies on the diaphragm includes some
slots to reduce the effect of residual stress and stiffness of diaphragm and also includes
some acoustic holes to reduce air damping in the gap. By this way, the microphone size was
reduced, and the sensitivity was increased.

In next section, the behaviors of the microphones with clamped and slotted perforated
diaphragms are analyzed using the finite element method (FEM).
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Fig. 2. (a) Cross-section, and (b) top view of clamped perforated microphone (Ganji and
Majlis 2009)
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Fig. 3. (a) Cross-section, and (b) top view of slotted perforated microphone (Ganji and Majlis
2009)

3. Finite element analysis (FEA) of the microphone

The analysis objectives are:
1. To verify the deformation of the diaphragm due to the electrostatic attraction force
between the diaphragm and backplate, and the mechanically applied force
2. To verify the capacitance between the diaphragm and the back plate
The analysis options are nonlinear analysis, accuracy of convergence that is 0.001 pm, and a
maximum mesh size that is 2.4% of X-Y dimension. Figure 4a shows the simulation setup of
the microphone with clamped diaphragm. Silicon wafer faces and 4 lateral faces of the poly
silicon diaphragm are fixed. Figure 4b shows the simulation setup for the microphone with
slotted diaphragm. Silicon wafer faces and 8 lateral faces of arms are fixed. A DC bias
voltage is provided between the diaphragm and the back plate.
Figure 5 show the stress distribution over of the clamped diaphragm (Fig. 5a) and the
slotted diaphragm (Fig. 5b) using the FEM. We can see that the stress concentration is found
at the edges of the clamped diaphragm. For the slotted diaphragm, however, the value of
stress at the center and edges of the diaphragm is very low and it increases as it goes to the
suspending area.
Figure 6 shows deformation in the Z axis of the diaphragm with a thickness of 3 um and an
initial stress of 20 Mpa at an applied pressure of 1.5 kPa. Figure 6a shows the maximum
central deflection of clamped diaphragm is 0.245 um and Figure 6b shows the maximum
deflection of slotted diaphragm is 0.6643 pm. We can see that the slotted diaphragm has
more deflection than the clamped one under same load.
Figure 7 shows the simulated diaphragm deflection versus voltage and Figure 8 show the
simulated diaphragm deflection versus pressure for the clamped diaphragm (2.43 x 2.43
mm?) and the slotted diaphragm (1.5 x 1.5 mm?). According to the results, both microphones
have the same pull-in voltage (7 V) and the same high mechanical sensitivity (53.3 nm/Pa),
however the slotted microphone is at least 1.62 times smaller than the clamped structure.
Figure 9 shows the central deflection versus bias voltage of the clamped and slotted
microphones using a 0.5-mm square diaphragm with a thickness of 3 um, an air gap of 1 um,
and a diaphragm stress of 1500 MPa (Ganji and Maijlis 2009). We can see that the pull-in
voltage for the clamped diaphragm is 105 V, and that for the slotted diaphragm is 49 V. We
can see that, by introducing slots in microphone, the diaphragm stiffness decreased,
therefore the pull-in voltage decreased about 53%.
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Fig. 4. Simulation setup for (a) clamped microphone, (b) slotted microphone
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Fig. 5. Stress distribution on the (a) clamped diaphragm and (b) slotted diaphragm
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Fig. 6. Diaphragm deformation on the Z axis of the (a) clamped diaphragm and (b) slotted
diaphragm
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Figure 10 shows the relation between capacitance and pressure for clamped and slotted
microphones under 60% of pull-in voltage. The results yield a sensitivity (S=dC/dP) of
5.33x10-¢ pF/Pa for the clamped and 3.87x10-5 pF/Pa for the slotted microphones. By
introducing the slots in the diaphragm, the sensitivity’s increased 7.27 times. The first
resonance frequency of the diaphragm is 1.11 MHz for the clamped and 528.57 kHz for the
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slotted microphones. From the preceding analysis, we can conclude that there is a dilemma
between the high sensitivity and high resonance frequency. For all the diaphragms, to
satisfy most of the microphones, the first resonance frequency of the diaphragm should be
well above 20 kHz (hearing range).
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Fig. 9. Central deflection of a (curve a) clamped and (curve b) slotted diaphragm versus bias
voltage

2.8

N
o

N
=)

Capacitance (pF)
N N
~ o

g
w

2 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Pressure (Pa) x 10%

Fig. 10. Capacitance versus pressure for (a) the clamped and (b) the slotted microphones
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4. Fabrication of microphone

This section will describe how the microphone was fabricated on silicon wafer. In this
process, sputtered aluminum is used as a diaphragm and back plate electrode, resist
(AZ1500) as a sacrificial layer, and sputtered silicon oxide as an insulation layer. The whole
process sequence uses three masks and several deposition, and etching processes. The
process starts with a single side polished silicon wafer as a substrate. The major fabrication
steps are shown in Figure 11, and described as follows:

First a 4-inch silicon wafer should be cleaned using standard cleaning procedure to remove
organic contaminants such as dust particles, grease or silica gel and then remove any oxide
layer from the wafer surface prior to processing. The first step in the cleaning process is to
clean the wafer using ultrasonic in the acetone solution for 5 minutes. The second step is to
put the wafer into the methanol solution using ultrasonic for 5 minutes. Final step is to dip
the sample in a 10:1 DI water-HF solution (10% HF) until hydrophobic (i.e. no water can
stick to wafer). This will remove native oxide film (see Fig. 11a).

Then a 2 um thick silicon oxide is sputtered on clean silicon wafer as an insulation layer (see
Fig. 11b). Next, a 0.5 um Al has been sputtered on silicon oxide as a back plate electrode. It
was then patterned using photoresist mask and etched by Al etchant for 5 minutes (see Fig.
11c). The etch rate of sputtered Al in Al etchant is 60 nm/minute. Etchant for aluminum is
16:4:1 of phosphoric acid (HsPOs), DI water, and nitric acid (HNO3). After that, a 1.3 pm
thick resist (AZ1500) was deposited and patterned in order to form a sacrificial layer (see
Fig. 11d). Resist can be easily deposited and removed using acetone. Moreover, acetone has
a high selectivity to resist compared to silicon oxide and Al, thus it completely removes
sacrificial resist without incurring significant damage silicon oxide and Al. Sacrificial resist
is usually deposited by spin coater. Baking is the most important. The main purpose of
baking is to remove solvent from resist. A few minutes of hot plate baking temperature of at
least 100°C is required to evaporate the solvent. The samples are then heated at145'C for 3
minutes.

Then, a 3 um thick layer of aluminum is sputtered on resist sacrificial layer as a material of
diaphragm (see Fig. 11e). The Al layer is then patterned using positive resist mask to define
the geometry of the diaphragm, contact pad, and anchors. After that the structure was
immersed in Al etchant for 35 minutes to etch the Al for making diaphragm structure. The
approximate etch rate of Al in acetone in room temperature is zero. Therefore acetone shows
a high selectivity against Al.

Finally, the sacrificial resist layer is etched using acetone to release the diaphragm (see Fig.
11f). The fabrication process is completed by immersing it in deionized water (DI) and then
acetone. Next, the whole structure is dried on hot plate at 60°C for 90 seconds to protect the
diaphragm from sticking to the back plate.

After all processing on the wafers were completed, the last step was to determine if the
fabrication process had been successful. It is important to observe the silicon membrane and
check to ensure that the resist layer was removed. All testing was performed by using a
Scanning Electron Microscope (SEM) and optical microscope to capture images of the
membrane surface and images of the cross-section. Figure 12 shows the optical microscopy
top view of Al back plate electrode and photoresist (AZ1500) sacrificial layer on silicon
oxide.
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Figure 13(a) shows the surface of the fabricated clamped microphone and Figure 13(b)
shows the close up view of the Al diaphragm surface (0.5x0.5 mm?) with acoustic holes
using SEM. Figure 14 shows the SEM image of slotted microphone with 8 slots and 8 arms.
Figure 15 show the sacrificial layer etching with diaphragm thickness of 3pm, and air gap of
1.3pm. It can be seen that, sacrificial layer has been removed under Al membrane
completely, and Al membrane has been released.

The measured pull-in voltage for clamped microphone is 51 V, however the measured pull-
in voltage of slotted microphone with sputtered aluminum diaphragm is 25 V. It can be seen
that, by introducing slots in microphone, the diaphragm stiffness decreased, therefore the
pull-in voltage about 50% decreased. Consequently, it causes the microphone sensitivity is
increased.

@) (b)

©) (d)

(e)

Fig. 11. Process flow of the microphone (Ganji and Majlis 2010)
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Fig. 12. Top view of Al back plate electrode and photoresist sacrificial layer on silicon
oxide
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Fig. 13. (a) Surface of the clamped microphone, (b) close up view of the diaphragm
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Fig. 15. Cross-section view of the microphone structure using SEM machine (Ganji and
Maijlis 2009)

5. Test of microphone

Figure 16 shows the MEMS capacitive microphone has been connected to amplifier,
power amplifier and speaker. The bias voltage of microphone, Vi, is 3 V, and bias
resistance, Ry, is 100MQ. The amplifier consists of an operational amplifier LF347 with
high input impedance of 1012 Q, Rf of 1 MQ, R, of 1.25 KQ, and Vcc of 9 V battery. The
voltage gain of amplifier, (Av1 = R¢/Rs) is 800. The power amplifier is a mini amplifier-
speaker CAT. No. 277-1008C. The voltage gain of power amplifier, A, is 50. The total
voltage gain of external amplifier, (Aviot = Av1.Ay2) is 40000. Figure 17 shows the 2 seconds
of a speech signals are applied to the microphone. It can be seen that the external
amplifier was able to detect the sound waves from microphone on oscilloscope. From the
figure, the maximum amplitude of output speech signal of amplifier is 45 mV, thus the
maximum output of microphone is 1.125 V.
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Fig. 17. 2 seconds of speech signals are applied to the microphone

6. Conclusion

A novel MEMS capacitive microphone was designed, and fabricated with a small size and a
high sensitivity. The device used a perforated diaphragm, mono crystalline silicon back
plate, and resist as a sacrificial layer. The results show the obvious improvement in size and
sensitivity of the slotted microphone compared with the clamped one. According to the
results, the slotted microphone with a 1.5-mm diaphragm width, at least 1.62 times is
smaller than the clamped structure with a 2.43-mm diaphragm width. The results also yield
a sensitivity of 5.33 x10-6 pF/Pa for the clamped and 3.87 x10-5 pF/Pa for the slotted
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microphones using a 0.5-mm square aluminum diaphragm with a thickness of 3 ym and an
air gap of 1 pm. We can see that, by introducing the slots in the diaphragm, the microphone
sensitivity was increased 7.27 times. The measured pull-in voltage for the clamped
microphone with sputtered aluminum diaphragm is 51 V, however, the pull-in voltage of
the slotted microphone is 25 V. This means that the slotted diaphragm stiffness has been
decreased; consequently, the pull-in voltage decreased about 50%. The microphone has been
tested with external amplifier and speaker, it can be seen that the external amplifier was able
to detect the sound waves from microphone on speaker. The maximum amplitude of output
speech signal of amplifier is 45 mV, and the maximum output of microphone is 1.125 pV.
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1. Introduction

Silicon is a unique material. Next to oxygen, it is the second most abundant element in the
Earth’s crust. Its abundance is one of the reasons it is used for a wide range of purposes.
One of the most important uses of silicon is as a core element of microchips. To
manufacture microchips, the microelectronics industry requires silicon with an impurity
level of 10-11. Since silicon forms a stable compound with oxygen (silicon oxide, SiO;), the
deoxidization of silicon oxide needed to reach this high level of purity consumes a
substantial amount of energy, which, in turn, affects the environment through emissions of
carbon dioxide (COy).

In the past decade, there has been a dramatic increase in the global supply and demand of
crystalline silicon. This is because of a drastic increase in the demand for crystalline silicon
for photovoltaic (PV) cells. While a core element for renewable energy, the purification
process of crystalline silicon is energy-intensive. Therefore, the sustainability of crystalline
silicon feedstock is an interesting area for research. The effective use of crystalline silicon
could contribute to the sustainability of global environmental systems.

Reflecting its importance to sustainability, there has been a growing literature on material
flows of crystalline silicon. Some studies highlight energy use and environmental impacts
in the process of crystalline silicon production. For instance, Williams conducted a
quantitative systems analysis of global production chains for silicon (Williams, 2003). He
estimated global material flows of silicon in 1998 and then forecast how these flows would
project out to 2020. In analyzing material flows, he chose different physical units such as
weight and area, according to the characteristics of different outputs. Using this approach,
Williams et al. were able to determine the energy required for a microchip based on the
calculation on energy use at each production stage (Williams et al., 2002). Their analysis
further was able to show in a quantitative manner that the purification to electronic grade
silicon (EG-Si) is an energy intensive process.

Other studies have focused on the supply of crystalline silicon for solar cells. Woditsch and
Koch expressed concern about the shortage of crystalline silicon for solar cells which were
dependent on off-grade silicon from the EG-5Si production process (Woditsch & Koch, 2002).
They concluded that new routes for solar-grade silicon production are urgently needed.
Sarti and Einhaus proposed short- and long-term solutions to respond to the demand for
polycrystalline silicon (pc-Si, also called multicrystalline silicon) for solar cells. Their
recommendations included a reduction in the amount of crystalline silicon in the short-term
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and the establishment of solar-grade silicon production from metallurgical-grade silicon
(MG-Si) (Sarti & Einhaus, 2002).

As for major metals such as iron, copper and nickel, the Yale Stocks and Flows project
conducted a material flow analysis of substances on national, regional and global scales (for
example, Graedel et al., 2004). Their approach focused on illustrating anthropogenic metal
cycles through four processes: production, fabrication and manufacturing, use and waste
management. They then offered useful suggestions on the benefits and challenges of a
material flow analysis.

In a previous paper, Takiguchi and Morita presented a material flow analysis of silicon in
Japan from 1996 to 2006 (Takiguchi & Morita, 2009). The analysis tracked the input and
output of silicon in a series of purification process in units of weight and found that rapid
growth in demand for pc-Si and single crystalline silicon (sc-Si, also called monocrystalline
silicon) changed the structure of the crystalline silicon supply. Takiguchi and Morita also
developed the Resource Effective-use Index (REI) to demonstrate how effectively crystalline
silicon is used. The analysis of the REI indicated that the effective use of pc-Si had reached
its outer limits. At the same time, the paper found a domestic analysis was limited in what
it could demonstrate because crystalline silicon is traded globally.

This chapter analyzes and discusses the global flow of crystalline silicon to assess the
sustainability of silicon feedstock. The chapter begins by reviewing how crystalline silicon
is produced as well as recent trends in crystalline silicon supply. The next section provides
a material flow analysis of silicon on a global scale, focusing mainly on crystalline silicon for
solar cells. The “results and discussion” section describes the results of the material flow
analysis, followed by a discussion of the sustainability of silicon feedstock.

2. Crystalline silicon and solar cells

Before conducting a material flow analysis, this section observes the recent trend of solar cell
production and explains how crystalline silicon is produced, followed by sources of
crystalline silicon for solar cells.

2.1 Expansion of solar cell production

Nowadays, many countries have promoted the use of renewable energy to reduce carbon
dioxide (CO,) for climate change mitigation and diversify energy sources. In particular, the
installation of PV systems is expanding in many parts of the world. Under these
circumstances, the production of solar cells, core elements of PV systems, is increasing rapidly.
Fig. 1 illustrates trends in solar cells production by types. The total production of solar cells
in the world sharply increased from 126 MW in 1997 to 10,660 MW in 2009. The share of sc-
and pc- Si solar cells grew the most at 32% and 45%, respectively. This can be attributed to
the ease of mass production using highly developed silicon technology, a good balance
between energy conversion efficiency and cost, and the fact that their products are non-
toxic. These advantages suggest that crystalline silicon (pc- and sc- Si) solar cells will be
likely to continue to expand in the future.

2.2 Process for crystalline silicon production

A typical production process for crystalline silicon for semiconductors is illustrated in Fig. 2.
In the first step, the reduction of silica (quartz, SiO,) produces metallurgical-grade silicon
(MG-5i) with a purity of approximately 98% in electronic furnaces.
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Fig. 1. Trends in solar cell production by types.

The second step is purification from MG-Si to pc-Si. Usually, a chemical gaseous
purification technique known as the Siemens method is used for purification. This method
involves reacting MG-Si with hydrochloric acid (HCI) to convert purified trichlorosilane
(SiHCl3) by distillation (Si + 3HCI > SiHCI3 + H»). The trichlorosilane is then decomposed
with hydrogen on pure silicon surfaces and converted back into pc-Si (SiHClz + H> > Si +
3HCI). After the reaction, pc-Si with an impurity level of 10-11 is obtained. In this process,
the formation of silicon tetrachloride (SiCly) as a by-product of the production of
trichlorosilane lowers the yield of pc-Si.

[ aquartz(sio,) |

1 Deoxidization

Metallurgical-grade
silicon (MG-Si)

l Siemens Method

Polycrystalline silicon
(pc-Si)

l Czochralski Method

Single crystalline
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Fig. 2. Typical process flow for purified Si production.
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The third step is to convert pc-Si to sc-Si. For the conversion process, the semiconductor
industry usually employs the Czochralski (CZ) method. In the CZ method, sc-Si grows on a
seed crystal drawn up from molten pc-Si in a crucible, producing a sc-Si ingot. The
cylindrical ingot of sc-Si is sliced into wafers followed by a series of processes such as
wrapping and etching. Finally, the wafers are processed into integrated circuit (IC) chips.
Table 1 provides the energy consumption at each stage from quartz to wafers (Frankl etc.,
2004). It is obvious that the process of producing pc-Si from MG-Si consumes the most energy
of all of the processes. While it is the established and most frequently used method of
producing pc-Si, the production method presents several issues that need to be resolved, such
as the limited velocity of the chemical reaction, the considerable initial investment required to
enlarge the process, and the high cost in proportion to high consumption of energy.

Electrical energy sl
. . ilicon
Product input/ kg silicon out ield
(KWh/kg) y

Quartz — MG-Si 11 0.79
MG-Si — pc-Si 149.9 0.76
pc-Si — sc-Siingot
(Czochralski) 314 !
sc-Si ingot — wafer 425 0.37

Table 1. Energy required for Si purification.

2.3 Crystalline silicon for solar cells

Crystalline silicon for solar cells does not require a purity level as high as the level required for
semiconductors. While the impurity level required for EG-5i is 1011, the level for pc-Si solar
cells is 107 to 10¢. Therefore, off-grade silicon produced as a by-product of the EG-Si
production process has been used for solar cells. The following describes the process typically
used to generate off-grade silicon. In the process of crushing pc-Si, approximately 5-10% of the
produced pc-Si is lost; this is used as off-grade silicon. In the CZ process of producing sc-Si,
nearly 40% of the pc-5i is lost as pot scrap, tops and tails, kerf loss and test wafers (Fig. 3) and
used as off-grade silicon (New Energy and Industrial Technology Development Organization
[NEDOYJ, 2001). Scrap wafers are also used as off-grade silicon. The off-grade silicon is melted
and turned into a pc-Si ingot via castings in a crucible mold or a sc-Si ingot via another CZ
process. Polycrystalline silicon or sc-Si produced from the off-grade silicon ingot is sliced into
wafers with a wire saw and used for solar cells. Depending on its purity level, off-grade
silicon is used for other low-grade purposes such as making aluminium alloy.

In the 1990s, off-grade silicon obtained from the EG-Si production process satisfied the
demand for silicon for solar cells. The recent increase in demand for solar cells, however,
resulted in production of crystalline silicon independently, not as scraps of EG-Si. Since the
purification level of pc-Si for solar cells is lower than that for semiconductors, pc-Si for solar
cells is produced by a simplified Siemens method which increases the speed of
trichlorosilane decomposition. It should be noted that the simplified method still consumes
considerable energy.

Thus, crystalline silicon for solar cells is currently obtained from two sources: 1) off-grade
silicon produced as a by-product of the EG-Si production process and 2) silicon produced
independently for solar cells.
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Fig. 3. Products and off-grade crystalline Si of Czochralski (CZ) ingot.

3. Global flow analysis of crystalline silicon

This section presents a material flow analysis of crystalline silicon. After explaining the
scope and methodology of the analysis, the material flows are shown and discussed.

3.1 Scope of material flow analysis

A material flow analysis tracks flows of materials at a particular scale in a quantitative
manner. Possible scales include the global, regional, national, community, or factory scale.
A material flow analysis for a specific material is called a “substance flow analysis.” This
chapter analyzes the material flow of crystalline silicon, clarifying the input and output of
the material at each phase of the production process.

In undertaking a material flow analysis, the scope of the material flow should be clarified.
This chapter analyzes the material flow of silicon on a global scale from 1997 to 2009. The
material flow also focuses on the stages of production, fabrication and manufacture (Fig.4),
because it aims to demonstrate the sustainable supply of crystalline silicon. The global scale
was chosen as the geographical boundary for the material flow analysis since the objective
of this analysis is to understand the sustainability of flows. Nowadays, material flows at the
national level would not be closed due to the export and import of the materials. A global
material flow can offset export and import and hence capture the entire flows. On the other
hand, a drawback of the global material flow is the quality of data. A global material flow
requires global data. While some countries have robust data, others do not, which can
influence the accuracy of the analysis. Therefore, these advantages and disadvantages
should be considered carefully in analyzing global material flows.
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The timeframe for the material flow analysis is 1997 to 2009. This twelve year period starts
when relevant solar cell first became available and goes to the latest available data. Whereas
a material flow in a single year is like a “snapshot,” a time series analysis of material flows
over the period enable illustrates the changes of flows over time.

In the material flow analysis in this chapter, silicon used for making thin-film and
amorphous types are not considered, because silicon used for these types seems to be less
than 1% of that used for making the crystalline types. This point is discussed in greater
detail in the “results and discussion” section.

3.2 Methodology

To determine the material flow of silicon on a global scale, data used for the analysis and the
respective sources are listed in the Table 2. The assumptions made in developing the
material flow and methodologies to estimate values are based mainly on Takiguchi and
Morita (Takiguchi & Morita, 2009). Most of the data for the material flows are gathered
from the Japanese journal Industrial Rare Metal, which reviews annual trends in industrial
materials (Industrial Rare Metal, 1998-2010).
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Fig. 4. Analyzed process flow of Si production.



Global Flow Analysis of Crystalline Silicon 335

Product  Category Symbol  Method References
MG-Si Production Prmg Primary Industrial Rare Metal
pc-silicon EG Production Poc, e Primary Industrial Rare Metal
Production for solar cells Py s Primary Industrial Rare Metal
Off-grade for solar cells Opcs Not available -
Demand for solar cells Dpc,s Estimated Prometheus Institute
sc-silicon EG production Ps, e Estimated Industrial Rare Metal
Production for solar cells  Pg, s Not available -
Off-grade for solar cells Ogs Not available -
Demand for solar cells Dgs Estimated Prometheus Institute
Wafer Production Pw Primary and Estimated =~ SEM

Table 2. Data sources and calculation methods.

3.2.1 Metallurgical-grade silicon

MG-Si is supplied mainly by China, Norway, and Brazil with China increasingly recognized
as the dominant supplier. MG-Si is used for various purposes: production of crystalline
silicon; deoxidization of steel; and production of aluminium alloy and silicon resin etc. Data
on the supply of MG-Si on a global scale are available (Industrial Rare Metal, 1997-2010). It
is assumed that the supply of MG-Si is equal to the figures in that data. While data
regarding the amount of MG-Si used for crystalline silicon were not available, it is estimated
that nearly 1.3 kg MG-Si is used to produce 1 kg pc-Si.

3.2.2 Polycrystalline silicon

Polycrystalline silicon as the primary products is divided into electronic-grade pc-Si (EG
pc-Si, Ppee) and pc-Si produced independently for solar cells (Pp.s). Data on the
production of Ppce and Pps are available (Industrial Rare Metal, 1998-2010). In 2009,
92,100 tons of pc-Si was produced, the ratio of Pps to Ppee being approximately 3:1. The
data are the sum of production by manufacturers located mainly in the United States,
Japan and Germany. Off-grade pc-Si (Op) is generated in the pc-Si production process
and the CZ process.

The total demand for pc-Si for solar cells (Dps) is satisfied by two sources: off-grade
pc-Si for solar cells (Opcs) and pc-Si produced independently for solar cells (Ppcs). Based on
the assumption that there is no loss in casting, this supply and demand relationship is
expressed as:

Ppcs + Opes = Dypcs @

Because pc-Si (Ppcs) has been produced independently for solar cells since around 2000, the
chapter assumes that Pp.s was zero before the year 2000. Demand for pc-Si for solar cells
(Dpc,s) has been calculated by multiplying the global production of pc-Si solar cells (in Watts)
by the amount of pc-Si used for the production of 1 W. Since the amount of pc-Si consumed
per Watt steadily decreased from 20 g in 1995 to 15 g in 2000 to 10 g in 2005 (Industrial Rare
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Metal), it is estimated from this linear relationship from 1997-2005. After 2006, it is
estimated at 9 g per Watt.

It should be noted that there is a loss of crystalline silicon in the wafer saw process. Given
15% for the cell efficiency and 180 micrometers for the wafer thickness, 1 W of the solar cell
includes 2.8 g of pc-Si inside. The difference between the demand of pc-Si for solar cells (9
g/W in 2009) and 2.8 g is the loss.

Although the amount of off-grade pc-Si for solar cells is not given, it can be estimated by
equation (1). Data for the average price of EG pc-Si per ton each year was available
(Industrial Rare Metal, 1998-2010).

3.2.3 Single crystalline silicon

Single crystalline silicon as the primary product is divided into EG sc-Si (Pse) and sc-Si
produced independently for solar cells (Ps.s). While data on these variants of silicon are not
available, EG sc-Si can be estimated by multiplying the amount of EG pc-Si (Ppce) by the
yield rate of EG sc-Si. In this chapter, the rate was set at 0.7. Single crystalline silicon is
produced independently for solar cells, partly using pc-Si for solar cells. Off-grade sc-Si
(Ox) is generated in the wafer production process or as wafer waste and presumably used
for solar cells. Data on the off-grade sc-Si are also not available. As well as pc-Si for solar
cells, off-grade sc-Si was used as a proxy for the demand for sc-Si for solar cells until around
the year 2000.

The same approach to estimating the demand of pc-Si for solar cells (Dps) is applied to
estimating demand of sc-Si for solar cells (Dss), assuming that consumption of sc-Si per
Watt is identical to that of pc-Si for solar cells. The amount of sc-Si per Watt for the
combined type of sc-Si and amorphous silicon in heterostructures was assumed to be 60% of
other sc-Si cells.

3.2.4 Wafers

In Fig. 4, “wafers” refers to those used for semiconductors not solar applications. Data
regarding the global shipments of wafers for semiconductors are available in units of area
(Semiconductor Equipment and Materials International [SEMI], 2011) and are assumed to
be equal to production of the wafers (P.,). The calculation of weight of the wafers requires
currently unavailable thickness data. Therefore, composition of wafers in diameter has
been assumed to be identical to the case in Japan (Ministry of Economy, Trade and
Industry, Japan, 1997-2010). Using this assumption, the composition of wafers in 2009 is
4.2% for a wafer under 5 inches (in.), 10.4% for 6 in., 22.6% for 8 in., and 62.7% for 12 in.
The weight of products, in turn, has been calculated based on the assumptions that the
density of a wafer is equal to that of silicon (2,330 kg/m3) and that the thickness is
0.625 mm for a wafer under 5 in., 0.675 mm for 6 in., 0.725 mm for 8 in., and 0.775 mm for
12 in.

3.2.5 Resource effective-use index

As in Takiguchi and Morita, the chapter uses the resource effective-use index (REI), which is
the ratio of resource input to output required for a given product (Takiguchi & Morita,
2009). The REI enables one to measure quantitatively the extent to which resources are used
effectively. The trend in the REI values, therefore, explains how effectively the materials in
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question have been used over time. The increase of the REI value means that the resource in
question is being used more effectively.

In this chapter, the input is the sum of production of electronic-grade pc-Si (Ppce) and pc-Si
produced independently for solar cells (Pps), while the output is the sum of demand of pc-
Si and sc-Si for solar cells (Dpes and Dscs) and production of wafers (Py). The REI can be
defined as follows:

RET = Pw + Dpc,s + Dsc,s (2)
P pc,e +P pe,s

To be exact, reuse of wafers as off-grade silicon should be added into the inputs in the

calculation of the REI. However, data on the amount of reuse are not available, and

therefore they are excluded.

3.3 Results and discussion

In the period of interest, the amount of crystalline silicon supply has expanded. Fig. 5
illustrates that the growing demand of crystalline silicon for solar cells brought about the
increase in pc-Si supplies. The supply increased from 16,050 tons in 1997 to 92,100 tons in
2009. The production level of wafers decreased in 2009 from the previous year, probably
due to the financial crisis and global economic slump. Nevertheless, it merits attention that
the supply of pc-Si did not decline despite of downward trends in the global economy.
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Fig. 5. Production of pc-silicon and wafers.

As Fig. 6 clearly shows, the growing demand for crystalline silicon boosted its price. The
price of pc-Si increased after 2004 and approached nearly 10,000 Japanese Yen (JPY) per kg
(approximately, 100 US dollars, using the exchange rate: 1 US$ = 100 JPY). In 2008 and 2009,
the trend remained stable mainly because of sufficient pc-Si supply.

The main objective of this chapter is to track the material flow of silicon on a global scale.
Figs. 7 and 8 show the global material flows of silicon in 1997 and 2009 respectively.
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Comparing the two figures, there is a remarkable increase in the amount of silicon at each
stage. The 1997 material flow is relatively simple, because demand for crystalline silicon for
solar cells was covered by the off-grade silicon from the EG-Si production process. In 2009,
however, pc-Si produced independently for solar cells was much larger than the off-grade
silicon.
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Fig. 6. Price of pc-silicon.

While the global material flow expanded over the period of interest, the question is how
effectively crystalline silicon had been used. An analysis of trends in the REI can help
answer this question. Fig. 9 describes the trends in the REL. From 2001 to 2008, the values of
REI consistently increased. This trend implies progress in the effective use of crystalline
silicon. In 2009, however, the REI fell to 0.92 from 1.14 in 2008, partly because the global
economic downturn created some slack between supply and demand.

Effective use of crystalline silicon was probably achieved by improvements in the yield rate
at each stage, reductions in wafer thickness and kerf loss, and enhanced use of off-grade
silicon. Off-grade silicon, which was used as a cheap additive to aluminium alloy in the
past, is now used for more valuable products—i.e. solar cells.

It is interesting to note that the REI value exceeded 1.0 in 2008. This implies the mass
balance was not achieved in that year, partly because of the reuse of test wafers, changes in
stocks, and inaccuracy of data. Nevertheless, the upward trend in the REI values is
apparent.

Fig.10 plots the REI values as a function of the price over the period of interest. The REI
values seem to rise in response to the pc-Si’s increasing price, because the increasing value
leads to the more efficient use of materials. This applies to the second half of the analyzed
period. In the first half of the period, the REI values increased despite price fluctuations.
This is not surprising, given the fact that advanced technologies for effective use of pc-Si
would be used regardless of price fluctuations once they were built. According to Tilton,
the supply of scraps generated in the course of producing new goods is unresponsive to
changes in the market price because of the ease of its collection, high quality, and low
recycling cost (Tilton, 1999).
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Although it is important to pay attention to trends in 2010 and after, concerns over the
shortage of crystalline silicon for solar cells are rarely raised recently, due to an expansion in
the supply. Progress in the effective use of crystalline silicon has been demonstrated by a
material flow analysis of silicon on a global scale. However, pc-Si for solar cells is produced
independently by conventional energy-intensive methods. Taking into consideration the
continuous expansion of solar cells, a sustainable supply of crystalline silicon should be
achieved by low-energy and low-cost methods.
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In Takiguchi and Morita, four solutions are proposed to ensure a sustainable supply of
silicon feedstock (Takiguchi & Morita, 2009): (1) production of solar-grade pc-Si by a less
costly and less energy-intensive method, (2) reduction of the amount of pc-Si per Watt in
solar cells, (3) acceleration of the development and deployment of other PV types, and (4)
reuse and recycling of solar cells in the future. With the exception of the third
recommendation which is predicated on diversifying the materials used for solar cells into
non-silicon, the other three suggestions are applicable to global supply of crystalline silicon.
Less costly and less energy-consuming silicon refining processes for solar cells are currently
being developed, including a process that develops the refining solidification of silicon
using the Si-Al solvent under low temperatures (Morita & Yoshikawa, 2007). Furthermore,
in Japan, the JFE steel company produces solar-grade silicon directly from MG-Si using a
pyrometallurgical process at a production scale of 400 tons per year (Yuge et al. 2001).

There have been achievements thus far in reducing the amount of crystalline silicon per
Watt in solar cells. More significant reductions of silicon could be realized by new types of
silicon solar cells. For example, thin-film silicon has been introduced for solar cells, typified
by tandem-type silicon composed of stacked amorphous silicon and microcrystalline silicon,
also known as nanocrystalline silicon. Tandem-type silicon with a thickness layer less than
one hundredth that of bulk types can contribute to meaningful reductions of silicon used for
solar cells. In this regard, the material flow in unit of weight may not be the best indicator
of resource efficiency since small but important flows, such as development of thin-film
silicon, are likely to be neglected. In analyzing the material flow, therefore, attention should
be paid to important trends behind the flow.

The reuse and recycling of solar cells will gain in significance in the near future. “Reuse”
implies the second use of end-of-use PV modules, while “recycling” refers to use of the
material recovered from decomposed PV modules. Needless to say, the reuse of PV
modules would reduce energy consumption and CO, emissions, compared to newly
produced modules. With regard to recycling end-of-use PV modules, a quantitative
analysis showed that the recycling can reduce energy and CO, emissions when inputting
recovered silicon into the process after purification (Takiguchi & Morita, 2010). According
to the NEDO report, modules of crystalline silicon did not show any deterioration in
performance even after being in use for more than 15 years (NEDO, 2006). In the reuse and
recycling of PV modules, a robust system to collect end-of-use modules will be a key to
success, because unintentional incorporation of impurities into the reuse and recycling
process will make reuse more difficult. Recycling is not limited to PV modules. As
described in 3.2.2, there is loss of crystalline silicon in the wafer saw process. Dong et al.
conducted a beneficial and technological analysis for solar grade silicon wastes
demonstrating it is feasible to recycle silicon ingot top-cut scraps and sawing slurry wastes
(Dong et al., 2011).

Overall, the material flow analysis on a global scale was found to be a useful approach to
examine the sustainability of crystalline silicon supply. As described in the sub-section of
methodology, uncertainty of the data on a global scale is a drawback to the analysis.
Nevertheless, global flow analyses are meaningful to overview a worldwide picture.

4. Conclusions

This chapter discussed the sustainability of crystalline silicon supply. The discussion
focused on the material flow analysis of silicon on a global scale. The results showed
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significant changes in crystalline silicon supply due to growing demand for solar cells. The
global supply chains not only expanded but became more complicated. While the analysis
of the REI values showed progress in the effective use of crystalline silicon, pc-Si for solar
cells is being produced through an energy-intensive method. To ensure a sustainable
supply of silicon feedstock, three recommendations were made: 1) solar-grade pc-Si should
be produced through a less costly and less energy-intensive method; 2) the amount of pc-Si
per Watt in solar cells should be reduced; and 3) solar cells should be reused and recycled.
The demand for solar cells is still strong. Crystalline silicon supply in the future will be
integral to the sustainability of global environmental systems.
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