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Multifunctional materials for electronics and photonics
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The bottom—up approach is considered a potential alternative for low cost
manufacturing of nanostructured materials [1]. It is based on the concept of self—
assembly of nanostructures on a substrate, and is emerging as an alternative paradigm
for traditional top down fabrication used in the semiconductor industry. We
demonstrate various strategies to control nanostructure assembly (both organic and
inorganic) at the nanoscale. We study, in particular, multifunctional materials, namely
materials that exhibit more than one functionality, and structure/property relationships
in such systems, including for example: (i) control of size and luminescence properties
of semiconductor nanostructures, synthesized by reactive laser ablation [2]; (ii) we
developed new experimental tools and comparison with simulations are presented to
gain atomic scale insight into the surface processes that govern nucleation and growth
[3-5]; (iii)) we devised new strategies for synthesizing multifunctional nanoscale
materials for electronics and photovoltaics [6-11].
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Silicene, the Artificial Graphenelike Silicon
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The Hot Research Front “Silicene growth and properties” is ranked 4™ among the 10
Top Physics Fronts identified by Thomson Reuters for the years 2011-2014, after
“Observation of Higgs boson”, “Globalneutrino data analysis” and “Nonlinear massive
gravity” [1].

Silicene, synthesized in 2012 [2], is a novel two-dimensional (2D) honeycomb
allotrope of silicon with a significant spin-orbit coupling (SOC). It was artificially
created, since, at variance with graphene, which descents from graphite, it has no
parent crystal in nature. It appears as an emerging 2D electronic materials and is
considered as a promising candidate for ultimate scaling of nanoelectronic devices.
Indeed, the recent fabrication of the first silicene field effect transistors operating at
room temperature demonstrates its potential [3].

In this invited talk, I will first present the archetype 3x3 silicene phase formed on a
silver (111) substrate [2], its sister phases [4], its functionalization with hydrogen, and
the growth and properties of multi layer silicene, which hosts Dirac fermions and
which is stable in ambient air, protected by its ultra-thin native oxide [5].

I will conclude with the prospects offered by this tantalizing 2D silicon allotrope [6,7],
whose synthesis has been quickly followed by those of its close cousins germanene
[8,9] and stanene [10,11], just two and three years later, respectively.

References

. C. Day, Physics Today, 25 September 2015.

. P. Vogt et al., Phys. Rev. Lett., 108, 155501 (2012).

. Tao et al., Nature Nanotechnol., 10, 227 (2015)

. A.Restaetal., Sci. Rep., 3, 2399 (2013).

. P. De Padova et al., 2D Mater., 1, 021003 (2014).

. Le Lay G., Nature Nanotechnology, 10, 202 (2015).

. G. Le Lay, E. Salomon and T. Angot, Europhysics News, 47, 17 (2016).

. M. E. Davila, L. Xian, S. Cahangirov, A. Rubio and G. Le Lay, New
Journal of Physics, 16, 095002 (2014).

9. M. E. Davila and G. Le Lay, Sci. Rep., 6, 20714 (2016).

10.Feng-feng Zhu et al., Nature Materials, 14, 1020 (2015).

11.J. Yuhara et al., to be published.

03NN W~

12



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597
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Semiconductor nanocrystals (NCs) or quantum dots (QDs), e.g. colloidal CdSe NCs,
are found in numerous applications, in particular as strong luminescent light emitters as
their size dependent light emission can cover the entire visible spectral range. While
the luminescence can be detected easily even for single QDs, recording the Raman
spectrum of a single QD and thus determining its vibrational properties remains a
challenge.

Here we use the example of CdSe quantum dots to illustrate several approaches how
the Raman response of the QDs can be enhanced and finally quasi-single QD Raman
spectra obtained. Beginning with enhancement via resonant excitation and utilizing
interference enhanced Raman scattering this contribution will then focus on an
investigation of resonant surface-enhanced Raman scattering (SERS) by optical
phonons in colloidal CdSe NCs homogeneously deposited on arrays of Au nanoclusters
using the Langmuir-Blodgett technology. The thickness of deposited NCs, determined
by transmission and scanning electron microscopy, amounts to approximately 1
monolayer. Special attention is paid to the determination of the localized surface
plasmon resonance (LSPR) energy in the arrays of Au nanoclusters as a function of the
nanocluster size by means of micro-ellipsometry. SERS by optical phonons in CdSe
NCs shows a significant enhancement factor with a maximal value of 2x10* which
depends resonantly on the Au nanocluster size and thus on the LSPR energy. The
deposition of CdSe NCs on the arrays of Au nanocluster dimers enabled us to study the
polarization dependence of SERS. It was found that a maximal SERS signal is
observed for the light polarization along the dimer axis. Finally, SERS by optical
phonons was observed for CdSe NCs deposited on structures with a single Au dimer. A
difference of the LO phonon energy is observed for CdSe NCs on different single
dimers. This effect is explained as the confinement-induced shift which depends on the
CdSe nanocrystal size and indicates quasi-single NC Raman spectra being obtained.
Finally the application of tip-enhanced Raman scattering (TERS) to single QDs will be
discussed.
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Figure 1: left: Typical SEM image of 1 monolayer of CdSe NCs deposited on a Au nanocluster
array. White circular areas with a diameter of about 100 nm refer to Au nanoclusters.
right: Raman spectra of CdSe NCs on bare Si (curve 1) and SERS spectra on arrays of Au
nanoclusters with diameters of 76 nm (curve 2), measured with Aex.= 632.8 nm.
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Publishing nanoscience and nanotechnology at the cutting edge
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Nature Nanotechnology was launched in 2006 and is one of the journals that make
up the physical sciences portfolio of the Nature Research Journals (NRJs) section of
Springer Nature. During my talk I will introduce the journal and use it as a
representative of the NRJs. I shall explain the scope of the journal, the type of

papers we look for and the editorial process that we use to decide whether a
manuscript belongs to our journal.
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Characterization of exosomes using atomic force microscopy and
scanning electron microscopy
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Interactions between solid surfaces and biomaterials, such as protein molecules, DNAs,
cells and various biomembranes, consist of electrostatic repulsive or attractive force,
van der Waals attractive force, hydration repulsive force, and hydrophobic attractive
force, and their understanding is the basis of biodevices. We previously demonstrated
that protein molecule adsorption to solid surfaces strongly depends both on the
molecular structures and solid surface chemistry [1,2]. By utilizing the molecule-solid
interactions, novel techniques of biomaterial characterization are expected to establish.

Exosomes are nano-vesicles with 30-150 nm diameters wrapped with a lipid bilayer
like cells, and released from whole cells including cancer cells [3.,4]. Because exosome
membranes and inclusions are originated in the host cell, their characterization attracts
much attention toward early diagnosis of cancer and its metastasis control. Exosomes
are nanosized vesicles and cannot be observed using optical microscopy. Therefore,
their characterization have been performed by transmission electron microscopy
assisted by the freeze-drying technique. However, sample preparation of this technique
is complex and its data are limited to the exosome sizes and shapes.

In this work, we used atomic force microscopy (AFM). In this method, AFM images
are taken after exosome adsorption and the inevitably occuring deformation, and it
would be a disadvage to obtain the real shape and size. However, we have found that
the deformation caused by the adsorption itself contains much information about
exosome membrane properties and that it can be effectively used to identify the host
cell.

We used exosomes extracted from three types of cultivated cancer cells; human
colorectal cancer (HT-29), fibrosarcoma (HT1080) and pancreatic cancer (MIA
PaCa2). Those exosomes were adsorbed to SiO,/Si substrates and observed in buffer
solutions by AFM. The dried samples were observed by scanning electron microscopy
to extract the exosome properties.

Figure 1 shows an AFM image of exosomes from HT-29 attached on a SiO,/Si
substrate surface. Based on the size, height and shape of the adsorbates, we can classify
them into four adsorption types sketched in Figure 1(a-d). Because the adsorption type
reflects the properties of the host cell, this classification can be used to estimate the
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host cell type. More exact identification can be done by extracting many parameters,
such as average height, maximum height, adsorption area and aspect ratio, from these
figures. Those data can be used to prepare a discriminator for unknown exosomes in a
multi-dimensional space by plotting whole data from individual exosomes. We have
found that probability to assign the unknown AFM image to the correct host cell one is
high. Dried samples also can be used to investigate the host cell properties because
they reflect host cell membrane properties and amount of inclusions specific to the host
cell.

(c)
s
f’""’%xzxzimz .

Si0/Si

Figure 1: AFM image of exosomes derived from HT-29 cells on a SiO,/Si substrate and
their type classification.
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The discovery of silicene [1- 3], a novel silicon two-dimensional (2D) allotrope, by the
first compelling experimental evidence of its synthesis ', boosted, nowadays, the
research on 2D materials [4].

Multilayer silicene grown on the Ag(111) surface exhibits in ARPES features which
displays circular horizontal cross-sections in precise positions in momentum space;
they can be attributed to @ and & cones, which confirms the presence of Dirac fermions
with a very high Fermi velocity [5]. These films grow in sequential flat terraces, after
the initial formation of 3x3-reconstructed monolayer, which is in a 4x4 coincidence
super cell respect to silver (111) unit cell. All terraces have a honeycomb V3xV3R(30°)
surface symmetry, with respect to 1x1 silicene, as showed by STM and LEED and
furthermore they present strong resistance towards oxidation [5].

At present there is a debate on the possibility that the multilayer silicene is indeed thin
film of bulk-like silicon [6]. Here, we report the AES/LEED, Raman spectroscopy, x-
ray diffraction, energy dispersive X-ray reflectivity and grazing incidence in-plane x-
ray diffraction, which provides the multilayer silicene physical fingerprints [7]. These
measurements rule out that the V3x\3 Multilayer silicene/Ag(111) is due to the V3x/3
reconstruction from silver atoms that act as surfactant in the formation of diamond-like
crystalline Si film. Furthermore, these results are of crucial importance for applying
silicene in the well-established silicon based widespread electronics, taking into
account that the first FET single layer silicene was successfully realized [8].
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The enhancement of quasi-particle interactions in low dimensional systems gives rise
to fascinating phase transitions like low-dimensional superconductivity, magnetic
ordering or metal-insulator transitions. In particular, metallic overlayers on
semiconductor surfaces are prone to creating temperature induced reversible phase-
transitions, very often associated with dynamical fluctuations of surface atoms and/or
with the many-body properties of the system.

In this talk, first of all a review of those systems will be presented discussing some
properties of well-known dynamical fluctuation phase transitions. o-Sn/Ge(111) is a
paradigmatic case [1] that changes its symmetry from V3xV3 to 3x3 around 200 K,
with a soft-phonon mode [2] identified as the driving mechanism of the transition [3].
However, another competing mechanisms associated with either electron correlation
effects or electron-phonon interaction give rise in this system, at very low temperature
(= 50 K), to a V3xV3- Mott insulating phase [4]. The competing mechanisms of that
transition will be discussed, with a detailed emphasis in the electron-phonon
interaction. In this context, the properties of another similar system: K/Si(111):B [5]
will be discussed.

Finally, experimental and theoretical evidence of a new V3xV3 >2V3x2V3 reversible
phase transition for Sn/Si(111):B will be presented [6] (see figure 1). The transition
appears at 520 K and the system has 6 Sn-atoms per unit cell (2V3x2V3). LEED and
STM-images, as well as photoemission experiments, will be shown. All these results
are explained by means of a microscopic diffusive mechanism whereby a Sn-tetramer
diffuses on the surface among 24 equivalent ground states, giving rise to the V3x\3
symmetry. This is similar to other dynamical fluctuation phase transitions, but it
includes as an essential new ingredient the diffusion of tetramers along the surface.
Results for the geometry of this surface and the diffusive Sn-tetramer processes will be
shown as calculated using an appropriate DFT-molecular dynamics approach
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Figure 1: Side and top views for the Sn/Si(111):B-2V3x2V3 atomic structure.
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The growth of Ag deposited on Ge(110) was studied with low energy electron
microscopy (LEEM) and scanning tunneling microscopy (STM). The LEEM studies
showed the formation of long, one-dimensional (1D) multi-height islands over the
temperature range 430C-530C. During deposition, the length of the islands increases at
a constant rate (~10° atoms/sec reaching ~20 microns) and constant width (100-200nm)
for 9ML total deposition. Stochastic diffusion cannot account for these very high island
growth rates. When smaller islands decay, the rate is ~2x107 atoms/sec, which is also
exceedingly fast based on the Ag diffusion and detachment barriers. These high rates
are not consistent with independent adatom events and imply multi-atom correlated
diffusion. Such collective mass transport must be related to the mobility of the wetting
layer. STM images show the crystalline structure of the 1D Ag islands and also
indicate that the reconstructed regions between the islands consist of bare Ge. These
data are corroborated by LEEM IV curves. Together, they confirm that the wetting
layer provides the material for the islands to grow at these high rates.

LEEM was also used to study the growth of Au on Ge(110) in order to control the
growth of low-dimensional nanostructures and understand the temperature induced
motion of islands. Ge(110) was dosed with 0.5-5 ML of Au and heated to 850°C.
During deposition, islands grew to ~1-2 um in width and ~2-5 pm in length, all
oriented along the (1,-1,0) direction. Above 750°C, the lack of a LEED pattern in the
islands indicated a loss of crystalline structure and the formation of a Au/Ge liquid
alloy. The larger islands began moving with speeds of 0.1-1.0 pm/s, absorbing smaller
stationary islands upon collision and increasing in size up to ~60 microns in width and
~100 um in length. This movement can be explained by a temperature gradient across
the sample causing a Ge concentration gradient across the islands, inducing movement
in the direction of increasing temperature. Optical microscopy confirmed that the large
islands moved from the cooler edges of the sample toward the hotter center of the
sample. Similar behavior has previously been observed for Pt/Si islands on Si(100) by
PEEM [1]. As the temperature decreased, the island behavior was also studied and
revealed rapid island contractions which left traces on the Ge(110) surface. Low
Energy Electron Diffraction (LEED) showed a (4x1) reconstruction below 670°C, a
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(4x4) reconstruction between 670°C and 750°C, and a (2x1) reconstruction above
750°C.

Figure 1: LEEM image of 1D islands of Ag on Ge(110). Island widths ~200nm, image FOV
10pm.
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Latest theoretical works [1] show that graphene nanodomain boundaries (NBs) with a
periodic atomic structure along their length can perfectly reflect charge carriers over a
large range of energies. Making use of this would provide a new way to control the
charge carriers in graphene without the need to introduce an energy band gap. The
main challenge is to produce self-aligned nanodomains with periodic NBs on a
technologically relevant substrate. In this presentation we report a method to fabricate
a few-layer graphene consisting of self-aligned nanodomains with periodic NBs on the
semiconducting SiC/Si wafers compatible with silicon technologies.

The results of the studies of atomic and electronic structure and transport properties of
such nanostructured graphene synthesized on low-index and vicinal surfaces of
SiC(001) in UHV are reported as well. [2-4]. Atomic and electronic structure graphene
layers on SiC (001) were studied by a number of modern experimental techniques
(STM with atomic resolution, u-LEED, LEEM, PEEM, u-PES, AR-PES etc). Using
the new dynamic-XPS end-station, based on the Argus spectrometer installed on the
high-brilliance soft X-ray P04 beamline at PETRA III (DESY) [5] we control layer-by-
layer graphene growth in real time following the evolution of the photoemission
spectra with an acquisition time of ~ 0.1 sec/spectrum and break the process when the
desired number of graphene layers is reached. The fine structure of the angle-resolved
photoemission spectra suggests the Bernal stacking in the trilayer graphene on
SiC(001) [6].

Electrical measurements conducted at low temperatures on the vicinal SiC(001)
samples demonstrate the opening of a transport gap in the nanostructured trilayer
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graphene up to 1.3 eV [6], which is induced by self-aligned periodic NBs. The
transport gap opening produces high current on-off ratio of 104. This development may
lead to new tuneable electronic nanostructures made from graphene on cubic-SiC,
opening up opportunities for a wide range of new applications.

This work was supported by Beijing Institute of Technology Research Fund Program
for Young Scholars, Science Foundation Ireland (SFI) (No. 12/1A/1264), National Plan
for Science and technology of KSU (Nos. NPST 1598-02, NPST 1466-02, NPST 2529-
02), Russian Foundation for Basic Research (Nos. 14-02-00949, 14-02-01234), SPP
1459 of DFG, Marie Curie IIF grant within the 7th EC Framework Programme.
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Figure 1: (a) and (b) Large area STM images of graphene nanoribbons synthesized on the
vicinal SiC(001). Inset in panel (a) shows the Fast Fourier Transform of the STM image
proving one preferential direction of the NBs on the vicinal sample. (c) and (d) Atomically
resolved STM images of graphene nanoribbons showing the system of domains rotated 17°
clockwise (GrR) and 10° anticlockwise (GrL) relative to the NB (c¢) and the atomic structure
of the NB (d). (e) Schematic model of the NB for the asymmetrically rotated nanodomains
in panels (¢) and (d).

Figure 2: (a) I-V curves measured at low temperatures. (b) I-V curves measured at 150 K -
300K. The current direction in (a,b) was perpendicular to nanodomain boundaries. (c)
Corresponding dI/dV curves for temperatures below 150 K. The curves show the transport
gap formation in nanostructured graphene on vicinal SiC(001) surface at indicated
temperatures. (d) Schematic drawing of interstitial defects in trilayer graphene.
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Armchair edged graphene nanoribbons are expected to present a controllable bandgap,
suitable for graphene-based electronic devices. The gap relies on the fine control of the
ribbon width and edge regularity at a level reaching a single atomic row, unattainable
by state-of-the-art lithographic methods.

Figure 1: Stable facets at 27° from the [0001] direction of SiC favor the growth of graphene
sidewall nanoribbons. These nanoribbons exhibit have a central part where graphene is
decoupled from the substrate and are bordered by corrugated graphene, that follows the
minifacets of the underlying substrate. In these corrugated regions, graphene is attached at
some points and decoupled in between. A wide band gap is observed by photoemission
from these regions.

Methods for producing semiconducting—metallic graphene networks suffer from
scalability problems, stringent lithographic demands and process-induced disorder in
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the graphene. These problems can be overcome by taking advantage of graphene
grown on patterned SiC steps [1], where the edge is settled by growth instead by
cutting an already existing graphene sheet.

This scalable bottom-up approach produces graphene nanoribbons. We have focused
on the electronic properties of ribbons of graphene grown on facets of the SiC(0001)
surface. We have observed by photoemission a region with a gap opening greater than
0.5 eV in an otherwise continuous metallic graphene sheet [2]. Our morphological
characterization by STM and cross sectional TEM allows to understand the origin of
the band gap in mini-ribbons bordering a central extended ribbon [3]. On the
nanoribbon, where our STM measurements show a well-defined edge [4], transport
measurements have also shown that charge carriers travel at room temperature on a
length scale greater than ten micrometers [4], which is similar to the performance of
metallic carbon nanotubes, and opens a promising future for graphene electronics.
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Monoclinic Vanadium dioxide (VO (M1)) is a prototypical strongly correlated
electron oxide, for which pressureinduced metallization (PIM) and structure transition
have attracted lots of interest and intrigued many researches, however, the metallicity
of these samples under high pressure is still controversial.

In this study, high pressure behavior of VO, (M1) was revisited using infrared reflecti
vity (IR) spectroscopy, Raman spectroscopy and in situ synchrotron X ray diffraction (
XRD) up to 64.7 GPa. Upon compression, VO, (M1) follows the expected structure tra
nsition sequence, M1—-M1'—X, whereas we found that the M1' phase

is a semiconductor within the pressure region of 11.4 -

43.2 GPa and became metallic with further compression. We also verified that the X ph
ase is metallic. Upon decompression, the metallic X phase is stable above 21.7 GPa, a
metal-insulator

transition occurs at this pressure, together with a structural transition from the X phase
to a new monoclinic structure (space group p21/c). These results provide further insigh
into the PIM of VO, (M1).
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In spite of the relevance of ultrathin MgO films for the study of model systems as well
as for technological applications, the growth of extended, well-ordered, ultrathin films
has been hard to achieve so far. By combining scanning tunnelling microscopy with
X-ray photoemission and vibrational spectroscopy an with ab-initio calculations, we
demonstrate that the morphology of sub-monolayer MgO/Ag(100) film strongly
depends not only by the growth conditions but also by after-growth treatments.
Moreover, we prove that accumulation of oxygen atoms at the MgO/Ag interface may
occur.[1,2] Its presence reduces the compressive stress of the oxide film, favouring the
formation of extended terraces. The result is the ability to tune the morphology of the
films from small monolayer islands with irregular borders, to perfectly square bilayer
islands of some 10nm size, to extended MgO monolayer limited only by the width on
the Ag terrace underneath. Due to their almost perfect structure and to the presence of a
band-gap already compatible to the one of bulk oxide, this last geometry is a very good
candidate substrate for the deposition of further nano-objects. We tested it by
depositing Ni nanoclusters at 100 K<T<300 K.[3] In the limit of low Ni coverage, the
typical clusters of a few tens of atoms coexist with small aggregates of four to six
atoms in size. The latter are flat rather than 3D, as expected for Ni tetramers,
pentamers, or hexamers. Both the shape of these nanoclusters and the interatomic
distance between neighbouring Ni atoms are indicative that the nanoparticles do not
consist of pure metal atoms. Instead, a NiyOx structure has formed thanks to the
availability of atomic oxygen accumulated at the MgO/Ag interface, with Ni clusters
acting as oxygen pumps. Besides being of relevance in view of the use of metal
nanoclusters in catalysis and other applications, this finding gives a further proof of the
peculiar behaviour of ultrathin oxide films.
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Figure 1. Top: Schematic model of the formation mechanism of Ni4Os nano-clusters.
Bottom: High-resolution experimental STM image of a NisOs tetramer (8 A x 8 A),
corresponding optimized DFT geometry and simulated STM image.
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The chromogenic technologies as one of the most promising practical applications
have been studied for several decades, including thermochromic (depending on
temperature), electrochromic (depending on voltage or charge), photochromic
(depending on irradiation), and gasochromic (depending on exposure to reducing or
oxidizing gases).[1] Vanadium dioxide (VO;) with reversible metal-insulator transition
(MIT) is a promising thermochromic material for next-generation smart windows and
infrared devices. However, the specific applications are largely limited by the
relatively high critical temperature as well as the weak of flexible and the non-
transferable grown-substrates.[2] Herein, we report such limitations can be overcome
by growing VO, on layered mica under high temperature directly, together with
integration of high transparent single-walled carbon nanotube films. The
SWNTs/VO,/Mica hierarchical films can be peeled-off to form a free-standing ultra-
thin optical window and transferred onto any desired substrates with high flexibility
and transparency. Through the self-heating SWNTs/VO, layer, the MIT process of
VO, layer can also be facilely modulated by applying bias current, achieving the
dynamical regulation of the infrared transmission with excellent stability and
reversibility. Furthermore, by adjusting the bias current, it is possible to change the
starting local temperature and shift the initial situation close to the “phase transition
boundary”, resulting in the decreased energy barrier to trigger MIT behavior. This
fascinating strategy overcomes the high critical temperature limit of VO, and avoids
the bottle-neck problem in practical applications of VO, material, which demonstrates
wide applications of this kind of device in the future.
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Diamond-like carbon (DLC) films with high hardness and flat surface morphology are
useful as a low friction coating materal. Such mechanical properties are widely
controlled by changing the composition ratio among sp*/sp/H of DLC. Furthermore,
oxygen or nitrogen can be doped to DLC films to improve their mechanical properties
[1]. However, the doping efficiency depends on the kind of CVD process, for example,
microwave or radio frequency plasma-enhanced CVD [1]. In this study, a
photoemission-assisted plasma-enhanced CVD (PA-PECVD) with a CH4/CO»/Ar gas
mixture, in which photoelectrons emitted from a UV-irradiated substrate are utilized as
a trigger to generate a DC discharge plasma, was employed to synthesize O-doped
DLC films [2, 3]. Owing to the assistance of photoelectron, a high density plasma can
be generated very close to the substrate, making it possible to that radicals such as O
and CO radicals as well as CH radicals reach the substrate without collisions between
them resulting in production of O,, CO, and soot. As previously reported [2, 3], the
efficient O doping and the high growth rate were achieved at the same time by PA-
PECVD. In this report, the CO, concentration (nco2) and DLC thickness (dbrc)
dependence of the chemical bonding were investigated by Raman spectroscopy, XPS,
SIMS, and AFM. Mechanical properties of hardness and friction coefficient were also
measured. Based on the correlation between them, a crystal structure model of O-
doped DLC and a PA-PECVD growth mechanism are considered.

From Raman spectra and intensity ratios of D bands to G bands in Figs. 1 and 2(a),
respectively, the growth of nanographite is enhanced by increasing nco» at growth
temperature of 150°C and the Raman spectrum at nco» of 14.3% is similar to that
grown at ca. 600°C without CO,. However C 1s photoelectron spectra showed that
sp’/sp> was maintained almost unchanged independent of nco,, whereas the doped O
amount increased in proportion to ncoz as indicated from the O/C ratio in Fig. 2(b).
These results suggests that the nanographite particles are embedded in sp’-rich O-
doped DLC matrix. Here it is noted that the H concentration was almost the same for
all samples. The hardness of the O-doped DLC filsm was measured as ca. 10 GPa
regardless of nco2. Such a mechanical property is in good agreement with the chemical
bonding described above. Thus the O doping to DLC is efficiently achieved by PA-
PECVD with nontoxic and nonexplosive CO, gas. The dprc dependence of chemical
composition and mechanical properties as well as the aging effect will be presented.
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Figure 1: CO, concentration dependence of Raman spectra for O doped DLC films with
thickness of ca. 200 nm grown at 150 °C.
Figure 2: CO; concentration dependence of (a) Raman intensity ratio of D bands to G bands
and (b) SIMS intensity ratio of '°O to >C.
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In this work, we report the method of the growth of the quasi free-standing single-
crystalline graphene monolayer on Ni(111). We have obtained that the adsorption of
propene on Ni (111) at 25 °C and the subsequent annealing at 500 °C results in the
growth of the epitaxial graphene monolayer. Since no rotated domains or other defects
were observed in STM, we can conclude that the single-crystalline graphene
monolayer covering all the sample area (6xX6 mm) has been grown on Ni(111).

Energy (aV)
=)
i

Figure 1. a) Energy diagram of C3;Hs transformation and carbon structures formation on Ni(111)
during propene adsorption at 25 °C/annealing at 500°C cycle; b) STM image of Gr/Au/Ni(111)
after gold intercalation: dislocation loop superstructure Ni(111) )-9.5x9.5-Au and graphene
atomic structure are clearly seen. Fourier transform image is presented as an insert.

Our experimental STM data combined with DFT calculations indicate that the
mechanism of the graphene growth includes following steps.

At 25 °C:

- The dehydrogenation of propene molecules at terraces and the complete dissociation
at step edges;
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- Formation of carbon atomic chains on terraces;

- Diffusion of carbon atoms into subsurface region through step edges and their
accumulation between nickel atomic layers;

At 500 °C (annealing):

-The segregation of carbon atoms on surface of Ni(111), formation of the carbide phase
(Ni,C) and the subsequent transformation into graphene

To detach the graphene monolayer from the Ni(l111) substrate, we used the
intercalation by gold. The Au intercalation process included the deposition of gold onto
the graphene monolayer on Ni(111) and the subsequent annealing at 450 °C. As a
result, the network of dislocation loops Ni(111)-(9.5%9.5)-Au was formed, being a
good indication of the penetration of gold atoms underneath of graphene.

Figure la shows energy diagram of propene molecule dehydrogenation (on terraces)
and dissociation (on steps) at RT (25 °C) adsorption and following carbon atoms
transformation into nickel carbide and graphene at 500 °C on Ni(111). The all energy
levels and potential barriers have been calculated within DFT and with Nudged Elastic
Band (NEB) approach. In Fig.lb, the resulting graphene monolayer on Ni(111)-
9.5%9.5-Au is presented.

ARPES measurements show perfect Dirac cone in electron dispersion corresponding to
quasi free-standing graphene.
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Contact formation is a key issue when implementing Ge-based structures into
established Si device technology. In-situ x-ray absorption spectroscopy photoemission
electron microscopy (XAS-PEEM), micro-illumination low-energy electron diffraction
(u-LEED), and ex-situ atomic force microscopy (AFM) have been employed for a
detailed study of reactive cobalt germanide growth on Ge(001) [1] . Ultra-thin films
were grown by Co deposition at elevated temperatures. At a deposition temperature of
670°C, a rich morphology with different island shapes and dimensions is observed (fig.
1(a)), and a correlation between island morphology and stoichiometry is observed (fig.
1(b)). The combination of XAS-PEEM and p-LEED reveals that a large part of the
islands consists of CoGe;. Many of these islands have an unusual epitaxial

relationship, i.e. CoGea[ 110](111) || Ge[ 110](001), an orientation that has not been
reported so far. The side facets of these islands were identified to be of (112) and (113)
orientation. Additionally, two more phases were found, most likely CosGe7 and CoGe.
Remarkably, a comparison of growth on Ge(001) single crystals and on
Ge(001)/Si(001) epilayer substrates shows that the occurrence of such intermediate
phases is strongly suppressed on single-crystal substrates, as compared to Ge epilayer
substrates, which leads to the conclusion that these intermediate phases are likely
promoted by defects or residual strain or both. It should be noted that this is not a
general trend, since on amorphous Ge, for instance, the finding of CoGe; has been
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reported without formation of any CoGe [2]. With respect to applications, an important
conclusion is that the defect structure and defect density, as well as the strain of Ge
layers on Si might play a significant role here and have to be taken into account when
trying to transfer results from single-crystal based research to device development.
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Figure 1: (a) XAS-PEEM image after Co deposition on a Ge(001) epilayer at 670°C. Islands
of various types are found; (b) Local x-ray absorption spectra for the different island types (I
to VI as indicated by the colored symbols in (a)) reveal that islands of different morphology
consist of distinct stoichiometric composition, i.e. CoGe2, Co5Ge7, and CoGe; the metallic

spectrum has been taken from a Co layer deposited at RT (without annealing).
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Atomic and electronic structure of corrugated silicene
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Silicene, a two-dimensional material composed of Si atoms, is known as a counterpart
of graphene, because of its similar atomic arrangement (honeycomb lattice) and
energetic structure. Both freestanding flat graphene and low-buckled silicene behave as
zero-gap semiconductors with linear bands around the Fermi level [1,2]. However, this
perfect picture can easily be disturbed by any factor, which arise naturally in
experiment, such as finite temperature or interaction with a substrate, leading to
distortion of the atomic arrangement and influencing the band structure [3,4].

We give a systematic analysis of the atomic and electronic structure of silicene
subjected to one-dimensional structural modulation in the armchair or zigzag direction.
Our first principles density functional theory calculations show the structural
deformation dependent anisotropic Dirac cone with different group velocities in the
band structure. We also discuss our results in connection with graphene.

This work has been supported by the National Science Centre (Poland) under Grant
No. DEC-2014/15/N/ST3/03816.
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GaN is a semiconductor material with wide direct band gap that has many potential
applications in wide range of industries. The unique properties such as structural
stability under harsh chemical and physical environments as well as its broad range of
electronic properties such as high dielectric breakdown makes it an active area of
research. However the wide implementation and market penetration is hindered with
high cost of production and difficulty of epitaxial growth of GaN single crystals. The
most important reason for that is the lack of lattice matched substrates that can
withstand aggressive synthesis environments [1]. Since the inception of research on
GaN semiconductors different fabrication methods have been employed such as
MOCVD, Magnetron Sputtering and Molecular Beam Epitaxy. Among other
fabrication methods our group have chosen the hot-wall horizontal tube CVD process
to fabricate GaN thin films due to the low cost of equipment and simplicity of
experimental procedure. The samples were grown in multi zone temperature CVD
chamber with the use of pure Ga metal and NH4Cl as main reactants in N2 carrier gas
environment without catalysts. The aim of this study is to analyze the effect of growth
temperature and substrate type on crystal quality, morphology and other physical
properties of obtained GaN thin films and nanostructures. The samples were
characterized by SEM, EDX, XRD, Raman and Vis-NIR spectroscopies. The SEM
analysis of the images showed that the morphology of thin films on different substrates
were substantially different from each other. The deposition of GaN on quartz substrate
resulted in growth of nano-micro sized hexagonal rods that resemble the hedgehog fur
while films grown on Si substrate exposed to 844-852°C resulted in hexagonal platelets
with outgrown whiskers. It was observed that the size of the hexagonal platelets
decreases as the temperature of the Si substrate increases. It was also found that the
average surface area of the platelets decreased as the temperature of the substrates
increased. Raman spectra analysis revealed the presence of E, (high) and A;(LO)
modes in all the samples which are two-symmetry allowed modes of hexagonal
wurtzite GaN. Additionally, an appearance of zone boundary phonon modes was
noticed at ~250cm™ and ~410cm” which could be attributed to surface disorder,
quantum confinement effect and acoustic overtone as reported by several research
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groups [2,5-6]. Figure 2b. shows the comparative Raman spectra of the thin films
grown on silicon and quartz substrates. The elevated peak intensity of E, (high) mode
of Si#2 sample relative to other samples indicates the film’s higher crystallinity. The
degree of the internal stresses in the films was calculated by employing the equation
modeled by Kozawa et al. [3]. The calculation results reveal that all the thin films that
were deposited were in tensile stress due to the lattice mismatch between substrate and
deposited layer as well as due to involuntary incorporation of the impurities as
evidenced by EDX data.
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Figure 2: The Raman spectroscopy patterns for GaN samples. The above images of the Raman
spectra correspond to data from thin films deposited on (a) sapphire substrates, (b) comparison of
silicon and quartz substrates
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Hybrid materials for Optoelectronics
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The exploration of innovative materials and device architectures is constantly fostering
our research activity on novel generation optoelectronic devices, aiming at low cost
and highly efficient solutions.

From conceptually new devices based on self-assembling hybrid perovskites,[1] to
bulk heterojunction architectures based on versatile nanocrystals,[2] we have been
exploring viable routes for an effective market impact of last generation photovoltaic
and emitting devices.

Our vision is based on low cost processable materials, matching the requirements of
existing technologies, for large-scale device production at reasonable production costs.
Furthermore we pursuit the implementation of solar converting components into
multifunctional devices, an example we conceived on this line, is a photovoltachromic
cell integrating both photovoltaic and photoelectrochromic functionalities, targeting
building integration.[3]
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Atomistic Origin of Dipole Layers at High-k/SiO: Interfaces
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The introduction of high-k/metal gate stacks into CMOS devices causes anomalous
shifts of the threshold voltage (V). Recent studies have shown that these anomalous
Vru shifts are caused by an electric dipole layer formed at the high-k/SiO, interface
[1]. Several mechanisms have been proposed to explain the origin of the interface
dipole layer, but a unified view has not yet been reached. The proposed mechanisms
can be roughly classified into two groups: (1) electronic redistribution around the
interface [2,3] and (2) redistribution of ions across the interface [4]. This talk will focus
on the latter model by presenting a series of molecular dynamics (MD) simulations
performed by the author’s group [5-7].
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Figure 1: (a) High-k oxide/SiO, stack structure used in the MD simulation. (b) Schematic
mechanism of dipole layer formation. (c) Formation energy of silicates.

This group has conducted MD simulations of Al,03/Si0,, MgO/SiO,, and SrO/SiO,
interfaces (Fig. 1(a)), employing a simple two-body ionic interaction model of the
Born-Mayer-Huggins potential. As a result, experimentally observed flatband voltage
(V) shifts have been successfully reproduced for all three systems. In the case of the
Al O3/S10; interface, a dipole layer is formed by the migration of O ions from the
AlLOs; side to the SiO; side. The direction of the dipole leads to a positive Vg shift, so
the orientation of the dipole appearing at the Al,O3/SiO; interface can be defined as
positive. This result seems to coincide with the oxygen density accommodation model
proposed by Kita and Toriumi [4], but it differs in the sense that O ion migration is
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driven by some systematic force rather than by a simple diffusion induced by the O
density gradient across the interface. In this talk, the driving force of O ion migration at
high-k/SiO; interfaces in terms of the multipole moment around cations will be
discussed. In contrast, opposite (negative) dipoles appear at the MgO/SiO, and
SrO/SiO; interfaces (Fig. 1(b)). The orientation of the dipole at the MgO/SiO; interface
cannot be explained by the oxygen density difference model [4] because the oxygen
density of MgO is higher than that of SiO,. However, MD simulation can correctly
reproduce the direction of the experimentally observed Vg shift at the MgO/SiO,
interface. The negative dipoles at the MgO/SiO, and SrO/SiO; interfaces are formed by
a preferential migration of metal cations from the high-k oxide toward the SiO, layer,
and silicate layers are formed at these interfaces. Figure 1(c) shows the formation
energy of silicates estimated by the employed interatomic potential. The Mg and Sr
silicates become more energetically stable at an intermediate composition, whereas the
Al silicate is unstable. The formation energy of the Sr silicate is lower than that of the
Mg silicate, suggesting that the ease of silicate formation is the driving force of
negative dipole formation.

In conclusion, the dipole formation at high-k/SiO, interfaces can be explained by the
ion redistribution model. The negative dipoles at the MgO/SiO, and SrO/SiO;
interfaces are formed by a preferential migration of metal cations from the high-k
oxide toward the SiO» layer during the formation of a stable silicate phase. Thus, the
migration of metal cations as well as the migration of oxygen ions must be taken into
account when considering the mechanics of the dipole layer formation.

Acknowledgement: This work was supported by JST-CREST and a Grant-in-Aid for
Scientific Research (B) (15H03979) from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan.
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Fundamental understanding of catalysts and how they function under the reaction
conditions is the foundation for design high efficient catalysts and improved current
catalytic conversion processes. Among such researches, in-situ studies on the model
catalyst surfaces may provide more direct evidences of the structure ~ activity
relationship, better understand the nature of the active sites. Metal oxide thin films
grown on a refractory metal substrate are idea models for thoroughly investigating the
structure and property of oxide supports and oxide catalysts. Moreover, it is also a
prototype system to study the metal-support interaction, as well as the strong metal
support interaction (SMSI).
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Figure 1: In situ IRAS spectra displaying the formation and reduction of surface palladium
oxide during CH4 oxidation as a function of the reaction time, i.e., O, partial pressure.
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In this presentation, several systems of oxide/metal, TiO./Pt(111), VO,/Pt(111),
TiOv/Ni(111), MnO./Rh(111), FeO/Rh(111), etc. were prepared, characterized and
tested for CO oxidation, CO hydrogenation, and alkane oxidation.

New development of in-situ infrared spectroscopies with a spectral range of 4000~400
cm’ is capable of measuring both the surface species and changes specific to the
interface, providing useful information for metal-oxide interaction
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Nano-scale multilayers are vital optical components in the extreme ultraviolet (EUV)
and X-ray wavelength range which enable the reflection beyond the total reflection
region. They have been widely used in the astronomical observation, accelerator-based
radiation facility, plasma diagnostics and EUV photolithography. To achieve the ideal
optical performance, the nanoscale multilayer structure has to be made with atomically
smooth and sharp interfaces. Here, some recent development of the multilayer optics in
the Institute of Precision Optical Engineering (IPOE) in Tongji University will be
presented.

The interface width of the EUV and X-ray multilayers contains two types of defects,
the interface roughness and interdiffusion. These two defects are highly dependent on
the layer growth mechanism which is affected by the material property, layer
thicknesses, crystallization, and interfacial reaction. Thus, it is necessary to study the
layer growth of certain materials before using them to fabricate a high reflectance
mirror. For example, Cr/V multilayer is an ideal candidate working in the the water
window region (A=2.3-4.4 nm) for soft X-ray imaging. The period of the multilayer is
only 1.2-1.8 nm which poses a challenge for fabrication. We studied the multilayer
structure with varied layer thickness from 0.6 nm - 4.0 nm, using grazing incidence X-
ray reflectometry (GIXR), atomic force microscopy (AFM) and transmission electron
microscopy (TEM). It was found that the Cr and V layers can crystallize even with
only 0.6 nm thickness and the larger thicknesses induced a columnar growth the
polycrystalline structure and a large interface width. To reduce the interface width, we
introduce ultrathin B4C barrier layers at the interfaces which significantly suppressed
the crystallization and improved the interface sharpness [1]. To further understand the
chemical change inside the layer structure with B4C barrier, depth profile X-ray
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photoelectron spectroscopy (XPS) was performed which showed that the compound
formation of VB,, VC and B4C contribute to the suppression of interdiffusion and
crystallization. The second example is the Pd/Y multilayer which exhibits the highest
theoretical reflectance at 8-12 nm waveband. However, the interfaces between Pd and
Y are very poor due to the severe interdiffusion and reaction. In this case, we added
nitrogen in the sputtering process which successfully passivated the interface. The XPS
depth profile exhibited an obvious improvement of the elemental contrast between Pd
and Y and the TEM result confirmed the YN formation in the layers which explained
the passivation effect [2].

To better fabricate the multilayer optics, accurate characterization of the nanoscale
structure especially in a nondestructive way is required. X-ray standing wave is an
effective method to probe the interface structure with high resolution. Combined with
fluorescence method, we investigated the Ti/Ni/Ti trilayer and determined the interface
width at the two interfaces separately [3].

L

Figure 1: TEM images of the 1.8 nm-period Cr/V multilayer with no barrier layer (a, b) and
with B4C barrier layers (c, d).
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Sunlight energy conversion throughout exciton dissociation in nanoscale systems (e.g.
nanoparticles, nanowires, tetrapods, hierarchical structures, etc.) is a valuable
alternative to carbon-based sources for green and low cost power generators. Yet, the
shrinking of the solar cell dimensions causes relevant problems, especially for the local
thermal dissipation that limits the efficiency of photovoltaic systems. On the contrary,
thermophotovoltaic converters, which directly convert the energy of photons emitted
by a thermal source into electrical energy, are limited to photons with energy above the
bandgap, thus reducing the range of solar spectrum available for photoconversion.

The design of mixed architectures that could positively exploit both light and heat con-
version would represent an important step forward in the realization of more efficient
devices. Particularly promising are recent prototypical systems that couple a plasmonic
heater to a thermoelectric device [1] for the realization of power generators (Fig. 1).
Despite the simple schematization of Figure 1, the realization of this kind of device
necessitates the solution of a huge number of theoretical and techno- logical problems,
among which the choice of the materials is one of the most crucial. In order to
maximize the thermal trans- fer across the vacuum gap, the two systems should be
prepared with the same material; however, the search for nanostructured materials,
which are simultaneously plasmonic and thermoelectric, is a tremendous challenge.
Here, using calculations from first principles based on DFT, we demonstrate that In-
doped ZnO nanowires [2] exhibit the unique property of being simultaneously
thermoelectric transparent conducting oxides (TCOs) [3] and low-loss plasmonic
materials in the near-IR and visible range [5]. The analysis of their geometrical and
optoelectronic properties shows that In doping does not perturb significantly the
structure of the nanowire, while gives rise to a good electrical conductivity. The
calculated charge density injected into the conduction band of the host (> 1019 cm—3)
is sufficient to sustain a surface-plasmon excitation, whose energy decay could
generate a temperature gradient in the wire. This effect, coupled with the quenching of
the thermal conductivity (also calculated by first principles [5]) due to surface
scattering and the enhanced thermoelectric figure of merit with respect to the bulk
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material, establishes the potential of In-doped ZnO nanowires as novel nanostructured
energy converters in the form plasmon-heater/thermoelectric generators [2].

plasmonic thermoelectric
heat source power generator

incident

4 ZnO wires
thermal
radiation AVAVAV:
R

Figure 1: Schematic model of a coupled surface-plasmon/thermoelectric power generator
based on ZnO nanowires.
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Single-atom contacts (SACs) are the smallest of metal contacts that consist only of one
atom (or a single strand of atoms) yet form a conductive link between two electrodes.
SACs are capable of sustaining a huge current density and would be a potential
candidate of interconnects in future molecular- and atomic-scale devices. Studying the
maximum ratings of SACs, their high-bias stability [1-3] in particular, is thus an
endeavor not only of pure academic interest but also of much practical importance.

As for the stability of SACs, it is customary to discuss it using the following empirical
equation [1] for the energy barrier W of the SAC break,

W =W, —aV — BF, (1)

where and V' and F are the bias and the tensile force acting on an SAC, respectively,
Wo, is the energy barrier at /=0 and F=0, and o and f are positive coefficients. When V/
increases, W decreases accordingly and vanishes at a break voltage V', where the SAC
ruptures. Majority of previous experiments on SACs have been made employing the
break-junction method where SACs are formed by mechanically stretching
macroscopic contacts. The resulting SACs are therefore subject to a tensile force and
have F>0 in eq. (1). Because a positive F acts to reduce W, it tends to lower ¥} and
destabilize SACs as well. Smit et al. [1] showed that the average V}, of Au SACs is 1.2
V under £~0.95 nN at 4 K. This F amounts to 63% of the tensile strength of Au SACs.
If we fabricate SACs under more reduced (or even negative, i.e. compressive) F, these
SACs will show higher break voltage and exhibit improved high-bias stability than
conventional SACs produced by junction breaking. In this work, we have tested this
assumption by fabricating Au SACs not by breaking but by closing junctions and
measure their V.

Atomic junctions of Au are first prepared by the conventional break-junction method.
After once breaking a junction, its electrodes are made re-contact by slowly closing the
junction. The re-contact is usually established abruptly through the jump-to-contact [4]
which, for Au at 4 K, results in the formation of SACs with a nearly 100% probability.
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Smit et al., [1]

Counts

Break voltage (V)

Figure 1: Distribution of the break voltage of Au SACs at 4 K. V,% and V,%/ are the break
voltages measured at closing and breaking junctions, respectively. The previous break-
voltage data reported by Smit ez al. [1] is also shown for comparison.

Figure 1 shows the distribution of ¥, obtained for Au SACs formed by closing
junctions at 4 K. For comparison, the break voltage V3* acquired using the
conventional break-junction method is also depicted. Our V;* is in good agreement
with the previous data reported by Smit ef al. [1] and shows a peak around 1.2 V. On
the other hand, distribution of V3% shifts to higher biases and exhibits a peak at 1.6 V.
Thus, as expected, SACs formed by closing junctions reveal better high-bias stability
than conventional SACs prepared by breaking junctions. Our close-junction SACs
should have lower F than break-junction SACs, but it is yet unclear how large F is
acting on our SACs. If we use eq. (1) and a and S values reported in ref. [1], we can
estimate F from 7,%~1.6 V and obtain F~0.84 nN. However, a different data set of o
and £ [5] leads to F~0.55 nN. Furthermore, the formation of SACs through the not-so-
simple jump-to-contact process makes it difficult to accurately evaluate F.
Notwithstanding these quantitative uncertainties in the magnitude of F, the observed
increment of V}, shown in Fig. 1 clearly indicates the critical importance of F in the
high-bias break of SACs and provides an experimental ground for further improving
the stability of SACs.
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on cathodoluminescence properties
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Active area of modern light emitting devices and laser structures is characterized by
complicated design and contains a great number of layers. When trying to characterize
quality and luminescent features of such devices it is difficult to choose only one
parameter to compare. It is connected with the fact that the order, thickness and
composition of the layers in structures can vary critical. Therefore development of new
approaches to comparison of luminescent properties semiconductor structures is an
important problem.

In this work we propose depth study of cathodoluminescent (CL) spectra under
electron beam energy variation. CL spectra obtained by different energies of electron
beam allows to determinate effective diffusion length of the charge carriers in the
sample. This parameter depends on the quality of the upper and bottom layers and
interfaces and makes possible the nondestructive investigation of the multilayer
heterostructures to estimate transport properties of geterostructures and influence of
interfaces on its.

The behavior of the CL intensity dependence can be simulated by the calculation of
relative quantity of carriers transported into a quantum well (QW) or quantum dots
(QD) from nearby layers of the structure and recombined producing the luminescence.
It is assumed that all primary electron energy losses are spent to generation of the
electron-hole pairs. In addition the valuable condition is that the CL intensity
dependence on beam current must be linear with no saturation occurred.

At first stage we calculated CL depth distribution in multilayer structure. We supposed
that CL depth distribution matches depth distribution of charge carriers in multilayer
structure. It is a close approximation as typical times of charge carrier scattering and
thermalization are by several orders of magnitude less than typical times of charge
carrier diffusion. We used Monte-Carlo simulation in CASINO program package.

Next important experimental condition is the maintaining of continuity of excited
electron-holes pairs quantity. This is achieved by keeping constant Ey-lp value (Eo —
energy of electron beam, I, — electron beam current).

For CL intensity dependence simulation we used following equation:

dE(E) C=xl) L fdEE) , FdEE) [ ]x-x[)
CL(E)I p[ d, ]dx+£ x dx+;[ dx exp( d, *
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Here p(x, E) is CL depth distribution by electron beam energy E; xi, x» — depth of
charge carrier transport area, xi, x, — parameters of exponential decay. The best fitting
of this function to the experimental dependence of CL intensity on beam energy gives
the position of the limits di, d> , x1, x2. This method gives the possibility to estimate

The quality of the heterostructures was evaluated basing on assessment of the carrier
transport properties of the barrier/waveguide layers to QW/QD/active layer This
technique were used for study the geterostructures based on AIIBIV, AIIIBV and
nitride LED structures based on InAlGaN. The results of CL study correlate with the
date of Transition Electron Microscopy.
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Blue emission of Ce*" in nanocrystalline heterojunction GaAs/SnO;
and 2DEG photoinduced properties
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Tin dioxide (SnO;) thin film, deposited by sol-gel-dip-coating, is coupled with gallium
arsenide (GaAs) layer, deposited by resistive evaporation, forming the heterojunction
GaAs/SnO,. This assembly can be used in optoelectronic devices, when doped with
rare-earth trivalent ions such as Eu’" or Ce**. Eu’" leads to efficient red emission
whereas Ce*" provides blue light. Photoluminescence (PL) data of GaAs/SnO»:2at%Eu
allow identification of three rare-earth transitions. Surface scanning electron
microscopy (SEM) and a surface mapping of doping element concentration, done by
energy dispersive X-ray (EDX) show Eu®* concentration distribution in agglomerates
around nanocrystalline particles, allowing the emission, not observable for films of
sole deposited SnO; [1]. Concerning electrical properties, much higher conductivity
was observed when compared to individual films, along with a smooth interface
suggesting interfacial conduction due to small two-dimensional electron gas (2DEG)
channels [2].

We report here results on GaAs/SnO, heterojunction, where the top layer is doped with
Ce’’. Fig. 1 shows dark resistance as function of temperature, and also recorded after
illumination with distinct energies. Excitation with 1.55¢V or 2.75eV, energies
intermediate between GaAs and SnO, bandgap, shows that the electrical resistance is
temperature-independent, suggesting that light excitation leads to electrons confined at
interface region (2DEG). Electrons are not scattered by ionized impurities or phonons,
since scattering centers and charge carriers are located at different space regions. The
inset in fig. 1 shows PL of a SnO, layer deposited on quartz, and thermally treated at
much higher temperature than the heterojunction. The excitation is done with a He-Cd
laser (325nm). It is possible to observe a broad band emission between 375 and 500nm,
with a peak about 420nm, coincident with Ce*" transition, from level 5d to level 4f,
sublevel *Fs; [3]. This emission becomes clear about 250K and has higher intensity as
the temperature is decreased. The mapping of heterojunction by EDX reveals the top
layer distribution in this case.

Isolated SnO, films doped with rare earth, annealed at same temperature of the
heterojunction, do not show emission, suggesting that heterojunction makes observable
the rare-earth emission. This result, in conjunction with the 2DEG conductivity, is a
remarkable result for the utilization of this assembly in optoelectronic devices.
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Figure 1: Resistance as function of temperature for the heterojunction GaAs/SnO; in the
dark, and after excitation with distinct wavelengths (below and above GaAs bandgap). Inset:
photoluminescence at different temperatures
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NanolR application in biology - chromosome (DNA) studies
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The new, leading edge laboratory has been established and put into routine operation at
the Institute of Nuclear Physics, Polish Academy of Sciences in Krakow, Poland. The
laboratory is focused on multimodal studies of the cellular response to ionizing
radiation and provides support and research facilities for the Bronowice Cyclotron
Centre. Laboratory of Spectroscopic Imaging for Radiobiology, Therapy and of
Complex Systems Research at the Institute of Nuclear Physics, Polish Academy of
Sciences in Krakéw was founded in order to apply physical methods in eradication
cancer and other pathologies studies.
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Figure 1: AFM topography image and corresponding 2D map of 1240 c¢cm'! band
distribution.

We have developed and applied infrared nano-spectroscopy (nanolR) to explore the
detailed composition of chromosomes. NanoIR2 system has been applied to image
local IR absorption with nanometer resolution. The integrity of chromatin structure is
essential for every process occurring within eukaryotic nuclei [1, 2]. It is known that
tightly packed, methylated DNA forms heterochromatin, which is transcriptionally
inactive, but indispensable for the maintenance of structural integrity [3, 4]. However,
lightly packed unmethylated euchromatin contains most genetic information [3, 4].
NanolR coupled with the Principal Component Analysis (PCA) has confirmed that
chromosome areas containing euchromatin and/or heterochromatin are distinguishable
based on differences in degree of methylation. Heterochromatin has significantly more
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methylated sites than euchromatin as previously described [3,4]. We will present the
new, robust and reproducible approach for detection of DNA methylation sites in
human chromosomes providing the location of the heterochromatin—euchromatin
boundaries at a spatial resolution below 100 nm. Given the importance of DNA
methylation in the development of nearly all types of cancer [S] there is potential of
nanolR approach [6] to be used as an early screening tool for malignancy.

A combination of AFM and InfraRed Spectroscopy (NanolR2 setup) was successful in
characterization molecular changes occurring in the nuclear environment following
cellular irradiation. Particularly useful information acquired was the observation of
changes in distribution of macromolecules with a spatial resolution as presented in
Figure 1.

The laboratory of spectroscopic imaging has been co-funded by the Malopolska
Regional Operational Program Measure 5.1 Krakow Metropolitan Area as an important
hub of the European Research Area for 2007-2013. Project No. 2014/15/B/ST4/04839.

References

1. Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. R. & Richmond, T. J.
Nature 389, 251-260 (1997).

2. Jenuwein, T. & Allis, C. D. Science 293, 1074-1080 (2001).

3. Sproul, D. Gilbert N. &. Bickmore, W. A. Nature Reviews Genetics 6, 775-781
(2005).

4. Huisinga, K. L., Brower-Toland, B. & Elgin S. C. R. Chromosoma 115, 110-122.

(2006).

. Issa, J. P. Clin Cancer Res. 13, 1634-1637 (2007).

6. Ewelina Lipiec’ Carine Benadiba, Francesco Simone Ruggeri, Justyna Miszczyk,
Bayden R. Wood, Andrzej Kulik, Giovanni Dietler and Wojciech M. Kwiatek,
Nature Nanotechnology, submitted (2016).

9,

63



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Non-equilibrium Surface Dirac Fermion Dynamics of Topological
Insulators
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Three-dimensional topological insulators (3D TIs) with surface Dirac fermions in a
bulk energy gap induced by a strong spin-orbit coupling have attracted much attention
as key materials to revolutionize current electronic devices. A spin helical texture of
surface Dirac fermions, where the electron’s spin is locked to its momentum, is a
manifestation of a 3D TL
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Figure 1: (a) Band dispersions acquired at certain pump-and-probe delay
times. (b) Schematics of the relaxation processes in bulk metallic and bulk
insulating TIs.
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To unveil its Dirac fermion dynamics is crucial for the future development of (opto-)
spintronic devices incorporating topological insulators. Angle-resolved photoemission
spectroscopy implemented by a pump-and-probe method is powerful tool to study both
occupied/unoccupied states as well as hot carrier dynamics [1].

Here, the surface Dirac fermion dynamics in the “carrier tuned” topological insulator
(Sby.,Biy):Tes have been explored. Sb,Te; (x=0) has a Dirac node completely located
above the Fermi energy [Fig.1(a)]. The excited electrons in the upper Dirac cone are
found to stay longer than those below the Dirac node to form an inverted population.
This is attributed to a reduced density of states near the Dirac node [2]. Once the Fermi
energy gets into the bulk energy gap by an appropriate Bi doping gap by an appropriate
Bi doping (x=0.43) as shown in Fig.1(a), the duration of the nonequilibrium surface
electronic state exceeds >400 ps. The keys for the prolonged nonequilibration are the
bulk insulation and further tuning of the Fermi level to the Dirac point of the
topological surface state [Fig.1(b)]. These findings expand the pathways to high-
mobility opto-spintronic applications.
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Terahertz optical properties of Topological Insulators
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Topological Insulators (TIs) like Bi>Ses, are one of the most intriguing issues at focus
in Condensed Matter Physics. TIs exhibit a band gap in the bulk like ordinary
insulators, but have intrinsic 2D conducting states on their edge and surface. The edge
states arise from a strong spin-orbit coupling, and they are backscattering protected, i.e.
not sensitive to disorder (except that coming from magnetic impurities). Such as
graphene, TIs surface charge transport is carried out by Dirac fermions, with a very
high surface carrier density (n > 1013 cm?), compared to typical values on metal
surfaces. Dirac fermions in TIs sustain both single-particle and plasmonic modes
[1,2,3,4], whose properties can be used for photonics (terahertz) applications at the
nanoscale and for producing non linear effects like electromagnetic transparency and
harmonic generation process. In this talk, after a general review on the properties of
Topological Insulators, I will discuss the linear response of Dirac excitations in TIs and
their behavior under a strong magnetic field up to 30 T. The appearance of strong non-
linear optical effects [5], when the THz electric field reaches values on the order of 1
MV/cm, will be also discussed. Both the linear and non-linear experiments provide a
unifying picture of single particle and collective electronic excitations in Topological
Insulators, indicating the strong specificity of Dirac carriers in Condensed Matter
Physics.
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Collective electronic excitation with acoustic dispersion (acoustic surface plasmons
(ASP)) are important since they have a vanishing energy for vanishing wavevector and
a constant group velocity.
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Figure 1: Quantum well states on Ag(788) and acoustic plasmon dispersion along and across
the steps

The former characteristic allows, at least in the low wavelength limit, the thermal
excitation and the interaction with surface phonons, thus allowing the ASP to have a
role in energy dissipation in gas surface interaction and in chemical reactions and to
envisage applications is Terahertz detectors. The independence of the group velocity of
wave vector, on the other hand, makes the ASP interesting for applications in
plasmonics since the ASP would propagate on the surface without distortion. The ASP
corresponds to the excitation of a 2-dimensional electron gas oscillating in counter-

67



phase with an underlying 3D gas. Such excitation has been predicted theoretically [1]
and reported experimentally for Be(0001) [2], Cu(111) [3,4] and Au(111) [5,6]. The
ASP is a relatively robust excitation: it survives indeed to some extent to surface
nanostructuring [7] and is present also on regularly stepped surfaces [8]. Interestingly
on noble metal surfaces the ASP falls unexpectedly within the continuum of electron
hole pair excitations maintaining, however, a narrow width. In presence of steps, the
ASP propagates across them when its wavelength exceeds the terrace width and is
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otherwise localized.

References

1.

2.

J.M. Pitarke, V.M. Silkin, E.V. Chulkov and P.M. Echenique, Rep. Prog. Phys. 70,
1 (2007).

B. Diaconescu, K. Pohl, L. Vattuone, L. Savio, P. Hofmann, V.M. Silkin, J.M.
Pltarke E.V Chulkov, P.M. Echenique, D. Farias and M. Rocca, Nature 448, 57
(2007).

. K Pohl K. B. Diaconescu, G. Vercelli, L. Vattuone, V.M. Silkin, E.V. Chulkov,

P.M. Echenique, M. Rocca, Europhys. Lett. 90, 57006 (2010).

J. Pischel, E. Welsch, O. Skibbe, and A. Pucci, J. Phys. Chem. C 117, 26964
(2013).

S.J. Park and R. E. Palmer, Phys. Rev. Lett. 105, 016801 (2010).

. L. Vattuone, M. Smerieri, T. Langer, C. Tegenkamp, H. Pfniir, V. M. Silkin, E. V.

Chulkov, P. M. Echenique, and M. Rocca, Phys. Rev. Lett. 110, 127405 (2013)

. L. Vattuone, G. Vercelli, M. Smerieri, L. Savio and M. Rocca, Plasmonics 7, 323

(2012).

. M. Smerieri, L. Vattuone, L. Savio, T. Langer, C. Tegenkamp, H. Ptniir, V. M.

Silkin, and M. Rocca, Phys. Rev. Lett. 113, 186804 (2014).

68



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Gold-Nanorod Based SPASER

Carola Kryschi', Hans-Peter Solowan'
"University of Erlangen, Dept. Chemistry and Pharmacy

Email: carola.kryschi@fau.de
Key words: Plexcitonic nanostructure, SPASER, laser-dye-
coated gold nanorod, gold nanocluster coated gold nanorod

Upon resonant optical excitation noble-metal nanostructures exhibit spatially confined
(localized) surface plasmons (LSP) that efficiently squeeze the electromagnetic field in
nanoscale regions near the nanostructure surface and therewith, allowing for tailoring
light-matter interactions at the nanoscale [1]. Optically excited excitonic systems, when
located within 5 nm of the plasmonic surface, exhibit interfacial resonance excitation
energy transfer. In case of an efficient feedback mechanism resonance energy transfer
generates plasmons in the noble-metal nanostructure, and the resulting high local
electromagnetic fields, in turn, excite the adjacent excitonic systems. Such plexcitonic
nanostructures are suited for setting up a nanoscale laser, the so-called SPASER (i.e.
surface plasmon amplification by stimulated emission of radiation). In the SPASER the
plasmonic noble-metal nanostructure acts as a nanocavity, and incorporated or surface-
coupled two-level emitters (i.e. excitonic systems) constitute the nanoscale gain
medium. Resonant optical pumping of both, the gain medium and the plasmonic
nanocavity, provides LSP stimulated excitation energy transfer between two-level
emitters and the plasmonic nanostructure which enables the buildup of a macroscopic
number of LSPs in a single mode and therewith, coherent local optical fields which
drive the SPASER action.

In this contribution, we demonstrate that room-temperature SPASER emission can be
achieved through amplifying longitudinal surface plasmon modes supported in gold
nanorods and employing laser dyes or luminescent gold complexes and gold
nanocluster that function as optical gain for compensation of plasmon losses. The
central wavelength of the longitudinal surface plasmon resonance band was tuned
between 650 to 670 nm via the aspect ratio that was adjusted through the synthesis
procedure parameters. Suited laser dyes and properly synthesized gold
complexes/nanocluster electrostatically attached within a 5 nm-distance at the gold
nanorod surface at a high concentration provided an effective optical gain medium
which facilitates SPASER emission in the red spectral range. These SPASER
nanostructures were characterized using high-resolution transmission electron
microscopy, uv/vis absorption spectroscopy, stationary and time resolved fluorescence
spectroscopy and femtosecond transient absorption spectroscopy.
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Figure 1: Time evolution of fs transient absorption spectra (top) with associated kinetics
traces (bottom) of gold nanocluster coated gold nanorods.
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The superconductivity in iron-based, magnesium diborides, and other novel high-Tc
superconducting materials, possibly including the recently discovered superconducting
hydrogen disulfide, has a strong multi-band and multi-gap character [1,2] and recent
experiments support the possibility for a BCS-BEC crossover induced by strong-
coupling and proximity of the chemical potential to the band edge of one of the bands,
with evidences for Lifshitz transitions associated with changes in the Fermi surface
topology [3, 4].

Here we study the simplest theoretical model which accounts for the BCS-BEC
crossover in a two-band / two-gap superconductor, considering tunable interactions.
When the gap is of the order of the local chemical potential, superconductivity is in the
crossover regime of the BCS-BEC crossover and the Fermi surface of the small band is
completely smeared by the gap opening. In this situation, small and large Cooper pairs
coexist in the total condensate, which is the optimal condition for high-Tc or even for
room temperature superconductivity [5]. Using available experimental data, our
analysis shows that iron-based superconductors have the partial condensate of the
small Fermi surface which is in the crossover regime of the BCS-BEC crossover [6],
supporting in this way the recent ARPES findings [7, 8]. We also discuss different
physical systems in which the multigap and multiband BCS-BEC crossover can be
realized, pointing toward very high-Tc superconductivity.

Two examples are considered here: (i) superconducting stripes in which shape
resonances and multigap physics at the band edge play a cooperative role in enhancing
superconductivity in the crossover regime of pairing [9], and (ii) our prediction of
high-Tc superconductivity using nanoribbons of doped graphene [10]. Finally, we
focus on a key prediction of the above discussed physics: the isotope effect of the
superconducting critical temperature in the vicinity of a Lifshitz transition, which has a
unique dependence on the energy distance between the chemical potential and the
Lifshitz transition point. Comparisons with available experimental data for
superconducting cuprates and hydrogen disulfide will be discussed [2,11,12,13].
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X-ray spectroscopies surface EXAFS [1] and surface XANES [2,3] developed since
1979 by using synchrotron radiation have provided new tools for the science of
surfaces, interfaces and nanostructures. These modern methods have allowed our
modern understanding of local conformational fluctuations in complex biological
systems, and the complxity of surfaces, interfaces and nanostructures [4-7]. Recently
new diffraction methods have taken advantage of advanced nano x-ray beams [8,9] and
resonant x-ray scattering [10] at synchrotron radiation facilities. These novel fast, local
and orbital symmetry selective experimental methods have provided advances to our
understanding of quantum physics of living matter [11] and new venues to engineer
oxides by manipulating oxygen sublattice nanostructures [12-14]. It has been possible
to correlate the emergence of high temperature superconductivity with the formation of
superlattices of wires at atomic level as shown in Fig.1. (figures of the patent in ref. 15)
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Figure 1: Controlling the structural parameters W, L, of a superlattice of quantum nanoscale
wires (left panel a) and charge density it is possible to tune the Fermi level (Er) at the
Lifshitz transition i.e. at few meV above the bottom of a quantum subband where a peak in
the Density of states appear (right panel b). [15-18].
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This particular architecture of nanostructures (called Superstripes) which can be
realized by atomic control and manipulation provides a particular case of multi-gap
superconducting phase at the BCS-BEC crossover.

BCS CONDENSATE

ol

BEC-BCS
crossover

Figure 2: Pictorial view of the multigap superconductor in the clean limit [15-20] given by a
superlattice of stripes (fig.1a) tuned at a Lifshitz transition. The electrons in the first subband
(blue color) have a large Fermi surface Er; are in a weak coupling regime and form cooper
pairs forming a BCS-condensate. The second type of electrons in the second subband (red
color) are in the strong coupling regime and tuned at a peak in the DOS(Fig.1b), in a
polaronic regime where the Fermi energy is of the same order as the energy of the
superconducting gap giving a second condensate in the BEC-BCS crossover near a Lifshitz
transition. A Fano Feshbach resonance between the two different pairing channels

Here by tuning the Fermi level relative to the bottom of a band novel physical
properties emerges of a particular superconducting phase at the BCS-BEC crossover in
a two-band superconductor [15-20]. It was recently found that is in this particular
physical state the system made of two electronic components is unstable toward phase
separation and give a complex multiscale scenario called superstripes [8,9,21,22]
where short range CDW order and short range superconducting order compete [23].
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Chemically active metal oxide surfaces and interfaces (e.g. as catalysts, sensors, or
electrodes) play a crucial role in our society and in the development of new
technologies. About 80% of all chemicals are produced via surface-assisted catalytic
reactions. Such active surfaces and interfaces are often complex multi-component
systems with nanosized (or smaller) defects or special structures which are essential for
the surface activity.

Experimental progress over many years has moved the scientific frontier forward
beyond surface science studies of ideal extended single crystals. New powerful
experimental characterization techniques have emerged, also for rather complex
surface and interface systems. On the computational side, large breakthroughs have
also been achieved, but the largest bottleneck hindering a wider use of modelling in
strategic material applications today is the lack of appropriate models to treat systems
of large (realistic) complexity. This was recently demonstrated in a survey [1]
conducted by the European Materials Modellling Council. Models of high accuracy
and speed were requested as well as techniques to couple and link models and data
over time and length scales (multiscale modelling).

I will discuss some of our efforts in the development of (multiscale and other)
modelling approaches for metal oxide surfaces and interfaces — with and without
interacting molecules. Compared to the prototypic MgO, the redox-active oxides
constitute a particular challenge for both DFT calculations and for force-field
simulations (e.g. [2]), where the model needs to capture chemical effects although no
explicit electrons are present. In summary, we combine a range of theoretical methods
including DFT, tight-binding-DFT [3], and reactive force-field simulations to examine
the properties of metal oxide surfaces, nanoparticles and interfaces. I plan to focus on
the following topics:

1. Multiscale modelling of metal oxide surface and interface systems (see Fig. 1).

2. DFT functionals for water/oxide interfaces and crystalline hydrates.

3. Dynamics on surfaces — simulating motion and spectra (e.g. vibrational [4]), and
learning from it.
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Figure 1: Overview of our multiscale modelling scheme.
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Magnetic adsorbates on conventional s-wave superconductors lead to exchange
interactions that can induce bound states inside the superconducting energy gap. These
states are known as Yu-Shiba-Rusinov states and can be resolved by scanning
tunneling spectroscopy as a pair of resonances at positive and negative bias voltages in
the superconducting gap. The exchange coupling strength determines the alignment of
the states inside the energy gap. Recently, it has been suggested that proximity-
coupled magnetic adsorbates induce a non-trivial superconducting state, which allows
for the formation of Majorana bound states [1].

Here, we employ tunneling spectroscopy at 1.1 K to investigate magnetic atoms and
chains on superconducting Pb surfaces. The single-atom junctions are stable over
several orders of magnitude in conductance. We observe two different transport
regimes: at large tip-sample distance, the tunneling current is dominated by single-
electron processes. However, these require the relaxation of electrons/holes from the
Shiba states into the superconductor. At small tip-sample distance, the relaxation
processes are not fast enough for an efficient depopulation of the states, and thus
Andreev processes become important, which resonantly transfer a Cooper pair into the
superconductor [2]. When the atoms are brought into sufficiently close distance, the
Shiba states hybridize, thus giving rise to states with bonding and anti-bonding
character. It has been shown that the Pb(110) surface supports the self-assembly of Fe
chains, which exhibit fingerprints of Majorana bound states [1]. Using superconducting
tips, we resolve a rich subgap structure including peaks at zero energy and low-energy
resonances, which overlap with the putative Majorana states [3].
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Transition-metal oxides (TMOs) show remarkable properties, such as high-temperature
superconductivity or large magnetoresistance. The realization of two-dimensional
electron gases (2DEGs) in TMOs, a field of current intense research, is crucial for
harnessing the functionalities of these materials for future applications. Additionally,
these 2DEGs offer the possibility to explore new physics emerging from the combined
effects of electron correlations and low-dimensional confinement.

In this talk, I will first introduce our discovery that 2DEGs can be simply realized at
the surface of various insulating transparent TMOs, such as the quantum paraelectric
SrTiO; [1], the strong spin-orbit coupled KTaOs; [2], or the photo-catalyst TiO, [3].
Then, I will show how the choice of the surface termination allows tailoring the
electronic structure and symmetries of these 2DEGs [4-5], paving the way for the quest
of topological states in correlated oxides. Furthermore, I will discuss our studies of
magnetism in the 2DEG at the surface of oxygen-deficient SrTiOs [6]. These results
show that confined electronic states at oxide surfaces can be endowed with novel
properties, not present in the bulk, which are promising for technological applications.
Finally, I will describe our recent development of a universal method to fabricate these
2DEGs in several oxides, which simultaneously protects the 2DEG from passivation in
air and allows measuring its transport characteristics —and is thus promising for the
realization of oxide devices [7].
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Figure 1: A metallic 2DEG, whose quantized energy bands form the parabolas shown in
blue relief, emerges at the surface of insulating SrTiO3 (transparent block). The probability
of presence of electrons for a given energy and momentum, measured by angle-resolved
photoemission spectroscopy (ARPES), falls off abruptly at the Fermi level, giving the
impression of a cascade, demonstrating the metallic character of this surface electronic state.

Adapted from Ref. [1].
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In this study, advanced synchrotron radiation (SR) characterisation techniques were
utilized to assess changes in electronic structure of extremely small 1-1.5 nm solid
solution RhCu alloy nanoparticles (NPs). Rh and RhCu alloy NPs have been
investigated as cost-effective candidates for CO oxidation catalysts, namely CO
removal from car exhaust or for preventing CO poisoning in fuel cell systems [1, 2]
RhyCuy nanoparticles with a narrow size distribution were prepared by chemical
reduction methods using Rhodium(IIl) acetate Rh(AcQO); and Cupper (II) chloride
CuCl, as metal precursors, poly (N-vinyl-2-pyrrolidone) (PVP) as protective agent.
Additionally, strong base (CH3);COK was added to control pH of Ethylene glycol EG
solution [3].

The Hard X-ray Photoelectron Spectroscopy (HAXPES) core level (CL) and valence
band (VB) spectra of RhCu NPs with various composition were recorded ex-situ at the
NIMS (National Institute for Materials Science) contract undulator beamline, BL15XU
and High-Energy X-ray Diffraction (HEXRD) data were acquired at the BL0O4B2 of
SPring-8, Japan [4, 5].

The change in the electronic structure observed as a result of atomic-level alloying of
Rh and Cu can be understood as concurrent reduction of Rh and oxidation of Cu. As
can be seen from Figure 1 (a) and Figure 1 (b), CL peaks for Rh 3d and Cu 3p3,; are
moved in opposite directions, indicating intermetallic charge transfer mechanism from
Cu to Rh. Our characterisation reveals, that for pure Rh and Rh-rich alloy NPs
formation of rhodium surface oxide with non-integer oxidation state (Rh®*®") is main
factor which leads to the improvement of catalytic activity, in agreement with
previously reposted data [6, 7]. Whereas, for alloy NPs with comparable Rh:Cu ratio a
decreased fraction of catalytically active Rh ®®" oxide is compensated by charge
transfer from Cu to Rh, hence ensuring a negligible change in the catalytic activities of
those as compared to Rh-rich and pure Rh NPs.
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In addition to that, HEXRD data (refer to talk materials), confirming that investigated
samples can be divided into two groups, namely Rh-rich alloy NPs and NPs with
comparable Rh:Cu ratio. Structural changes observed in HEXRD data are consistent
with conclusions drawn from CL HAXPES data analysis.

We demonstrate capability of advanced SR-based characterisation to access,
understand and possibly control physical properties of novel functional nanoscale
materials.
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Figure 1: Rh 3d and Cu 2p;, CL HAXPES spectra, (a) and (b) respectively, of reference Rh
and Cu powder (solid and dashed lines, respectively), Rh NPs (red square scatters),
Rh; 53Cu47 (green circle scatters), RhjosCuoos (magenta triangle scatters) and Rhg soCug so
(blue diamond scatters) alloy NPs. The change in the electronic structure is understood as
concurrent reduction of Rh and oxidation of Cu.
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Silicene on metallic quantum wells
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Freestanding silicene, a new graphene-like two-dimensional material composed of Si
atoms arranged in a honeycomb lattice, has been predicted to give rise to massless
Dirac fermions [1,2]. However, due to the preferred sp® bonding, the freestanding
silicene layer is not expected to be easily realized in experiment. Therefore it must be
grown on a substrate [3,4], where the interaction between silicene and the substrate is
of prime importance [5,6].

We discuss recently proposed efficient way of tuning the silicene-substrate interaction
utilizing quantum size effect in the substrate [6]. As an example we consider silicene
on ultrathin Pb(111) layers. Using first-principles density functional theory
calculations, we demonstrate how the properties of silicene, including binding energy,
properties of the Dirac cone, magnitude of the energy gap, can easily be manipulated
by quantum well states of the substrate.

We also discuss a novel mechanism of protecting the Dirac electrons from the
influence of the substrate. This is associated with a special arrangement of a part of Si
atoms in silicene [6,7].

The above findings emphasize the essential role of interfacial coupling and open new
routes to create silicene structures with controlled electronic properties.

This work has been supported by the National Science Centre (Poland) under Grant
No. DEC-2014/15/B/ST5/04244.
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Interplay between steps and vacancies on curved TiO2(110)
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Vicinal surfaces exhibit distinct chemical and physical properties due to their high
density of atomic steps, being also useful as nanoscale templates to control the growth
of low dimensional structures, such as nanodots or nanostripes. In this context, a vast
majority of studies on the chemistry and electronic properties of rutile r -TiO»(110)
have been carried out flat surfaces, whereas much less effort has been focused on
stepped planes. Moreover, as low atomic coordination sites, the step edges are
chemically and electronically very active, and hence stepped surfaces may become
technologically relevant, e.g., as a way of tailoring new chemical properties of r-TiOx.
Using a curved r-TiO»(110) crystal with a smooth variation of the density of atomic
steps parallel to the [1-10] direction, we have performed a combined (STM-ARPES)
and systematic study of stepped r-TiO»(110) with [1-10]-oriented steps [1].

By means of Scanning Tunneling Microscopy (STM) we analyze the structure and
distribution of steps and vacancies as a function of the average deviation (miscut a)
from the (110) surface (Fig. 1 a). We observe the surface to smoothly evolve from
wide terraces, containing Oy vac’s (Fig. 1 b), toward narrow (110) terraces, depleted of
O vac’s (Fig. 1 ¢). We also observe the step edge morphology changing across the
sample, from [1-11] zig-zag faceting to straight [1-10] steps. The [1-10] steps terminate
with a pair of two-fold coordinated O atoms, which give rise to bright, triangular
protrusions (S;). The statistical analysis of the terrace width variation across the sample
allows us to detect a step-bunching phase with a large a range, triggered by an optimal
d~2.8 nm (110) terrace width, where all bridge-bonded O atom vacancies (Op: vac’'s)
vanish, but Si-featured steps remain.

With Angle-Resolved Photoemission (ARPES) we focused on the Ti 3d-derived gap
state (Fig. 1 d). The gap state intensity is observed to remain constant across the curved
surface, directly correlating with the total density of S; protrusions plus O vac’s
measured with STM. This observation indicates that individual S; protrusions (at steps)
and Oy, vac’s (at terraces) contribute to the crystal doping equally. The scan across the
curved surface also reflects the transition from large Ou-filled terraces to the high
density of Si-featured steps through a 110 meV shift in apparent binding energy, which
in turn suggests differences in the polaronic relaxation at terraces and steps. Density
functional theory (DFT) calculations predict that S; protrusions of [1-10] step edges are
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favorable sites for the formation of O vac’s in r-TiO2(110), in accordance with
previous studies on [1-11] steps [2]. Moreover, DFT indicates that the observed
electron doping at the stepped part of the sample is not intrinsic to the step-edge, but
stems from the presence of one Oy, vacancy per S; site.

We acknowledge financial support from the Spanish Ministry of Economy (MAT2013-
46593-C6-4-P and MAT2013-46593-C6-2-P) and the Basque Government (IT621-13
and IT756-13), the ERC Advanced Grant “OxideSurfaces”., and the Marie Curie ITN
“THINFACE”.
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Figure 1. (a) Photography of the curved TiO»(110) crystal used in the present work. Marked
are the center of the crystal, with large (110) terraces and Oy, vacancies [measured with STM
in panel (b)], and the edge of the crystal, with a high density of steps featured with bright
triangular protrusions [measured in panel (c)]. Despite the strong structural differences from
flat to stepped areas of the crystal, the Ti 3d gap state peak [measured in ARPES and shown in
panel (d)], shows no intensity change, but a small 110 meV binding energy shift.
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There is an ever-growing interest in the transport properties of ultrathin films of, for
instance, elemental metals, topological insulators and transition metal chalcogenides.
Pioneering works of quantitative electrical conductivity measurement on
semiconductor surfaces utilizing ultrahigh-vacuum (UHV) four-point probes (4pp)
have been done for a number of superstructures and metallic monolayers [1]. A
difficulty, however, has also been recognized in measurements varying the surface
temperature, which should be due to the thermal instability of the probe—surface
contacts during the temperature change. In order to overcome this difficulty, we have
recently developed a highly-stable UHV 4pp system for the measurements of surface
electrical conductivity in a wide temperature range (7-300 K) and applied it to
Ge(111)-Pb-B(¥3 x V3)R30°, showing unusually high electrical conductivity and weak
electron—phonon coupling compared with bulk Pb [2].

The Si(111)-In-(4x1) system has been a benchmark of quasi-one-dimensional atomic
nanowires. The system undergoes a (4x1) — (8x2) phase transition at around 120 K [3].
From an electronic-structure point of view, the transition corresponds to metal—
insulator transition as revealed by ARPES [4]. After the years of controversy as to the
nature of the phase transition,[5] the first-order nature of the transition has recently
been revealed by an ab initio atomistic thermodynamic calculation and various
diffraction experiments [6-9]. The LEED experiment [9] clearly demonstrated a
hysteresis, showing the existence of an energy barrier in the transition and thus the
first-order nature of the phase transition. Since the electrical conductivity is a
macroscopic quantity, its temperature dependence should exhibit a characteristic
behavior peculiar to first-order transitions. However, any indication of a hysteresis has
not yet been found [10].

In this talk, we show the result of a precision electrical conductivity measurement
during the (4x1) — (8x2) phase transition in Si(111)-In, which clearly shows the
existence of the hysteresis. Thus the first-order nature of the phase transition is now
supported also from the viewpoint of macroscopic electrical conductivity. Electrical
transport in the metallic wires is also discussed.
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Spin scattering studied with scanning tunneling microscopy
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We use a low-temperature (1 K) scanning tunneling microscopy (STM) to study of
magnetic impurities on different substrates. In the present contribution, we report on
work on atomic Mn chains assembled on Cu,N/Cu (100) surfaces. Besides their known
magnetic spectra [2], we have found an electronic edge state on these chains whose
properties depend on the magnetic ordering of the Mn chains [3]. We have also applied
our techniques to the study of magnetic spectra on superconducting surfaces revealing
the orbital properties of the Shiba states [4] associated with the magnetic impurities.
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Metallic atomic chain ensembles grown epitaxially on vicinal semiconductor surfaces
are prototype quasi-1D systems with outstanding electronic properties for fundamental
research studies, such as Peierls driven metal to insulator phase transition (MIT) or
dimensional crossover from a Fermi to Luttinger liquid behavior [1]. Despite the
intense studies over the last decades on several systems, e.g. Si(111)-4x1-In, Si(557)-
Au and Si(553)-Au, the effect of native defects or induced defects by adsorption (e.g.
O and H>) on the conductance along the wires, the interwire coupling or the transition
temperature, are still under current debate.

Here, we present a systematic study on the transport properties of In- and Au-chains
grown on various Si(hhk) surfaces by means of a temperature variable multi-tip
STM/SEM system. The anisotropy of the conductivities along the wires and in the
direction across the wires is quantified by the so-called rotational four-point-probe
square method [2] (see Fig. 1a). Additionally, an extremely higher sensitivity of almost
one order of magnitude towards atomic imperfections and both conductivity
components was reached by a spatial constriction of the electron path [2] (see Fig. 1b-
c).

In detail, the interwire coupling for the Si(111)-4x1-In system was re-analyzed in
greater detail. In contrast to previous studies, we showed in agreement with DFT
calculations, that the interwire coupling can be gradually tuned by adsorption of
oxygen [3] (see Fig. 1d). Moreover, the transport properties of various Au-phases on
Si(hhk) surfaces were studied. While the 0.48 ML Au on Si(553) turned out to be
extremely robust and almost unaffected (up to 20 Langmuir), the 0.2 ML phase on
Si(557) reacts strongly as seen by the exponential decrease and the adsorbates induce
even a crossover of its conductivity components.
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The adsorption behavior turns out to be strongly triggered by the presence of a Si-
adatom chain, which is a characteristic building block for some the Au/Si(hhk) chain
systems [4].
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Figure 1: a) A photograph of a multi-probe STM system mounted in the focus of an SEM for
the navigation and placement of the tungsten tips. b) SEM image of four W tips placed in
square configuration on an unconfined In/Si(111) surface (above) and confined circular
In/Si(111)-mesa structure (below). The resistance anisotropy on the spatially constricted 2D
phase is significantly higher than for the quasi-infinite 2D case. (d) Difference of the local
density of states (LDOS) within a 8 x 12 unit cell around an a-type oxygen defect (marked
by a cross) compared to ideal, defect-free wires. (¢) o) and o1 as a function of the O, dose
for the Si(111)-4x1-In system, 0.48ML Au phase on Si(553) and 0.2ML Au phase on Si
(557).
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One dimensional (1D) systems have attracted a lot of attention since their physical
properties, e.g., electronic and optical properties, Peierls instability, Tomonga-
Luttinger liquid, are distinctively different from structures of higher dimensionality.
Recently, a new class of quasi-1D systems based on rare earth silicides (RESi) has
attracted attention since RESi monolayers form a large variety of different
superstructures on Si substrates (cf. [1] for Si(111)). Some of these superstructures
have large anisotropic quasi-1D structures. This effect has been attributed to strain
induced effects due to different ‘bulk’ structures RESi and Si [2]. Here, we report on
combined studies on quasi-1D structures by scanning tunneling microscopy STM),
spot profile analysis of low-energy electron diffraction (SPA-LEED), grazing
incidence x-ray diffraction (GIXRD) and density functional theory (DFT).

On one hand we observe a 2V3x\3 superstructure depositing RE at elevated
temperature on Si(111) (cf. Fig. 1) [3]. This structure is attributed to the formation of
periodically arranged Si vacancies in different RESi, layers. The complex structure of
this superstructure with buckled surface layer, \3xV3 superstructure in the first
subsurface layer 2\3x\3 superstructure in the second subsurface layer can only be
analyzed applying the different techniques used here. The anisotropic character of this
structure is emphasized by the formation of periodically arranged domain boundaries.
The width of the RESi domains formed in two domains is roughly two unit cells.

On the other hand, we studied a sequence of different quasi-1D RESi structures on
Si(001). A clear sequence from the (2x4) to the (2x7) reconstruction is observed where
the latter consists of (2x4) and (2x3) subunits. The (2x7) surprisingly transforms back
to the (2x4) before NWs are formed on top of this wetting layer. The NWs, however,
show a clear (2x1) structure and have 1D metallic dispersion [4-6]. Finally, NW
bundles are created at higher coverages with (2xn) signature in diffraction.
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Figure 1: (a) STM micrograph of 2V3xV3 superstructure with domain walls (yellow lines).
(b) SPA-LEED diffractogramm of the same superstructure with splitted odd order
superstructure diffraction spots due to regularly arranged domain wall. Inset: Line scan
through splitted superstructure diffraction spot.
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Spin Manipulation by Creating Single-Molecule Radical Cations
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All-trans-retinoic acid [1] and cholesterol [2], closed-shell
organic molecules comprising only C, H, and O atoms, are
investigated on a Au(111) substrate using scanning tunneling
microscopy and spectroscopy. In dense arrays single molecules
are switched to a number of states, several of which carry a
localized spin as evidenced by conductance spectroscopy in high
magnetic fields. The spin of a single molecule may be reversibly
switched on and off without affecting its neighbors. We suggest
that retinoic acid and cholesterol on Au are readily converted to
a radical by the abstraction of an electron.
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Thermodynamic balance of perylene self-assembly on Ag(110)
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We present a room temperature STM study of perylene adsorption on Ag(110) at the
monolayer coverage regime. We found that structure and symmetry of the flat perylene
monolayer is determined by thermodynamic balance of the three factors: (i) the site
recognition effect, (ii) the intermolecular interaction and (iii) the thermal motion of the
perylene molecules. The moderate strength of the site recognition and intermolecular
interactions, of the same order of magnitude as k7 ~25 meV, represented a key feature
of the thermodynamic balance.

The thermodynamic balance bestowed to this system the unique quality to form a
flexible monolayer of epitaxial as well as self-assembling character. The increasing
perylene coverage induced gradual crystallization of the initially fluid monolayer (<0.1
ML) into the crystalline (2 5 3 -2)/(2 -5 3 2) monolayer (0.1053 ML). The crystalline
monolayer further incorporated extra molecules modifying its structure and symmetry
albeit maintaining its true commensurate character. The recognition effect of moderate
strength was able to lock some of the perylene molecules into favorable adsorption
sites of the (110) lattice providing a skeleton of the crystalline phases. We have found
that the crystalline monolayer did not quench thermal motion of the included molecules
but rather accommodated it modifying its skeleton by reselecting a new set of available
adsorption sites favorable in terms of intermolecular interaction.

The ability of the perylene crystalline structure to accommodate its thermal motion
made possible formation of the epitaxial and self-assembled perylene monolayer free
of domain boundaries in the whole coverage range.
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Fig.1 Perylene bonding on Ag(110)
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The innumerous properties of titanium dioxide rely on its various polymorphs and
crystallographic orientations, and quite often on mixtures of these. It is therefore
crucial to set out surface-sensitive methods that allow the in situ structural
identification. The present work reports on the ability of photoemission-based
techniques performed with standard laboratory X-ray sources to identify the phase and
surface orientation of TiO, nanostructured samples. Ti LMV Auger reference spectra
of TiO; rutile (110), anatase (101) and anatase (001) single-crystals are singled out, by
taking advantage of the presence of a valence level in the Auger transition. Indeed,
differences in the Ti LMV transition derive from intrinsic structural aspects of the
different titanium dioxide polymorphs and orientations. Ti LMV templates allow a
quantitative analysis of phases and orientations involved in nanoparticle samples. As
an example, the case of standard Degussa P-25 powder is analyzed, both in its as-
received form and during the anatase-to-rutile transformation upon annealing.
Comparison to X-ray diffraction measurements demonstrates the reliability of the
Auger analysis and highlights its ability to detect crystallographic orientations and
composition gradients.
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The InAs/GaAs system is crucial for fabricating semiconductor nanostructures such as
quantum dots (QDs). Due to the 7 % lattice mismatch between InAs and GaAs, the
InAs on the GaAs(001) produces three-dimensional (3D) QDs with Stranski-Krastanov
(SK) growth mode. Despite a constant lattice mismatch, the InAs on the GaAs(111)A
exhibits two-dimensional (2D) growth. Although many studies have been done to
investigate the QD formation on the InAs/GaAs(001), there have been very few studies
for the origin of 2D growth on the InAs/GaAs(111)A. In this study, the growth mode
of the InAs/GaAs(111)A is systematically investigated using our macroscopic theory
with the aid of empirical potential calculations to determine parameter values used in
this study. Here, stacking fault tetrahedron (SFT) found in InAs/GaAs(111)A [1] and
misfit dislocation (MD) formations are employed as strain relaxation mechanisms.

In our macroscopic theory, free energy F (eV/A?) for various growth modes such as
2D-coherent, SK-coherent, 2D-SFT, and 2D-MD is described as a function of layer
thickness % as follows [2].
F=y(1+p)+3M(1—a)e? (1-2)h+22 (1)

where y(=0.042 eV/A?), B, M, a, £(=0.072), I, Iy (=58.76 A), and E, denote the surface
energy, the effective increase in surface energy of the epilayer due to SK island
formation, the effective elastic constant, the effective decrease in strain energy due to
SK island formation, the intrinsic strain of the system, the average MD spacing, the
MD spacing at which strain is completely relaxed, and the formation energy of the
MD, respectively. In order to determine the values of M and E,, the energy difference
AEvp between the 2D-coherent and the 2D-MD is estimated using empirical
interatomic potential with a 14 X 14 planar unit cell.

The calculated AEwmp is shown in Fig. 1(a) as a function of InAs monolayers (MLs) 4.
This reveals that the AEmp changes its sign from positive to negative at # = 8 MLs,
where the strain in InAs thin layers is completely relaxed to stabilize the 2D-MD.
Moreover, we found that the SFT formation makes surface atoms move upward to
reduce the strain energy as described by AEspr = 0.0144-0.00114% (eV). Therefore, the
SFT in addition to the MD plays an important role for strain relaxation in InAs thin
layers grown on GaAs(111)A. Using the parameter values of M (=0.164 X 10'' N/m?),
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Es (=0.675 eV/A), a(=0.74), and B(=0.08), calculated free energy differences AF
between the 2D-coherent and various growth modes are shown in Fig. 1(b) as a
function of 4. This implies that the InAs growth on the GaAs(111)A proceeds along the
lower energy path from the 2D-coherent (4 < 4 MLs) to the 2D-MD (4 > 7MLs) via the
2D-SFT (4 MLs < A < 7 MLs). Although the SK-coherent and the 2D-MD are
energetically competitive similarly to the InAs/GaAs(001) [3], it should be noted that
3D growth mode (the SK-coherent) does not appear due to the 2D-SFT formation
preceding the SK-coherent. Consequently, 2D growth is preferable on the
InAs/GaAs(111)A results from strain relaxation near the surface forming the SFT
different from the InAs/GaAs(001).

10 0.1 :
(@) 8 = Rebsenna; (b) : SK-coherent
6 -
S 4 % 0
' 3
2 2F E
uél 0 OO e e e O O 415855553 Lé}
2D-coherent -0.1
-2 F
-4 |- 2D-MD
-6 L

Figure 1: Calculated results for (a) system energy difference AEmp between 2D-coherent and
2D-MD and (b) free energy differences AF between 2D-coherent and various growth modes
as a function of layer thickness 4.
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Antimony (Sb) show strong spin-orbit coupling and is proposed to be topological
insulator (TI). However, Sb as bulk material is semimetal. According to theoretical
predictions [1] 1 to 3 bilayer (BL) thick Sb(111) films are ordinary insulators and 4-
SBL films are non-trivial insulators [1]. Calculations also show that with increasing
film thickness surface splitting at the I" point shrinks from 1.324 eV for 1BL film to
0.016 eV and 0.008 eV for 4BL and 5 BL films. Transition to topological semimetal
should occur at thickness of 22BL [2]. As far as we know, tuning of topological
properties of ultrathin Sb(111) film by manipulating solely electronic structure of
substrate was not reported.

In our work electronic band structure of Sb(111) ultrathin films is tuned by deposition
Sb on Pb(111) quantum wells (QW). Using scanning tunneling microscopy (STM),
tunneling spectroscopy (STS), density functional theory (DFT) and reflection high
energy electron diffraction (RHEED) methods we study electronic and crystal
properties of Sb layers on Pb QW’s of different width. The QW fabricated on Si(111)
and on Si(111)6x6Au surfaces served as controllable source of electronic states
hybridizing with electron bands of ultrathin Sb(111) film. As thin as single and two BL
thick continuous films on the top of Pb QW were fabricated and characterized.

This work was supported by National Science Centre, Poland, under Grant No.
2014/13/B/ST5/04442.
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The fabrication of oxide heterostructures, with interfaces separating different oxides, is
an important topic in the development of new materials. An oxide already displays a
huge range of functionalities, but in combination with another oxide in the same
material, it may give rise to novel phenomena not displayed by either of the constituent
oxides alone. In this context, the continuous improvement of the existing techniques or
the development of new methods for the synthesis of oxide heterostructures is
mandatory.

An interesting subset of oxide interfaces is that formed by two simple oxides with the
same cation but with a different oxidation state. In relation to this type of
heterostructures (a sub-oxide on top of an oxide) we present in this work a novel
approach to obtain such a system: Low Energy Ion Bombardment (LEIB). We have
already successfully applied this growth technique to the TiO(001)/TiO2(110) system
[1], employing the technique to the surface of a single-crystal. Now we show the
application of such approach to the case of iron oxides in the form of a thin film: we
fabricate a magnetite/hematite (Fe;Os/a-Fe,Os) single-crystalline epitaxial bilayer on
top of a metallic substrate. As far as we know, this system has not been synthesized yet
in the form of a thin bilayer.

This novel fabrication method involves the transformation of the upper layers of a
single-crystalline hematite thin film to single-crystalline magnetite, a process driven by
the preferential sputtering of oxygen atoms. We show the reversibility of the
transformation between hematite and magnetite, always keeping the epitaxial and
single-crystalline character of the films. The magnetic characterization of the bilayer
grown with this method shows that the magnetic response is mainly determined by the
magnetite thin film.
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Figure 1. a) LEED pattern of the as-grown hematite thin film, which shows the expected
symmetry (unit cell in blue) with respect to the original symmetry of the Au(111) substrate
(in red). b) LEED pattern of a magnetite thin film after ion bombardment of the hematite
thin film displayed in (a). While the spots are broad and diffuse and the background is
bright, they already show an emerging new (2x2) symmetry. ¢) LEED pattern of the
magnetite thin film after annealing the sample in (b). d) LEED pattern of hematite after the
re-oxidation process of the magnetite film in (c). Bottom: Scheme of the transformation
induced. The upper part of the hematite thin film is converted into magnetite after ion
bombardment.
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A precise in situ measurement of a lattice constant including the strain is very
important, because the surface strain has a great influence on the electronic properties
of the surface and the thin film growth on the surface. Though some diffraction
methods by using X-ray and neutron are used as measurements of the strain, it is too
difficult to measure the surface strain within a few nm in depth.

The reflection high-energy electron diffraction (RHEED) is very useful tool to
investigate the structure within a few layers underneath the surface [1,2]. However the
position shift of the RHEED spots is very small compare to the spot size. The spot size
on the fluorescent screen is about 0.5 mm, which is resulting from the uncertainty of
the camera length between the fluorescent screen and the sample. The irradiation
region of the incident beam on the sample surface spreads to a few mm, because the
glancing angle of the incident beam is very small (about 1° - 6°). So, the strain about a
few % of the lattice constant is too difficult to measure from the position shift of the
RHEED spot.

However, the change of the Kikuchi line is much larger than the shift of the RHEED
spot, if the strain isn’t isotropic but anisotropic. The strain in the surface region is
considered to be anisotropic, because a stress along to the surface normal and a stress
parallel to the surface are different, generally. The Kikuchi pattern constructed from
the Kikuchi lines is much useful to measure the anisotropic strain in the surface region.
When the tensile strain is introduced to only the direction parallel to the surface plane,
the reciprocal lattice for the surface region shrinks along the direction parallel to the
surface. According to the change of the reciprocal lattice, the Kikuchi line changes
anisotropic, as shown in Figs. 1(a) and 1(b), where 4% of tensile strain is introduced
parallel to the surface. We had presented [3] that the sensitivity of the strain
measurement by using the Kikuchi line is very high and the strain less than 1 %t is
measurable.
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Figure 1: Simulated Kikuchi pattern of GaN(0001); (a) Kikuchi lines from strain free
surface, (b) Change of Kikuchi lines with 4% of tensile strain paralell to the surface, and (c)
Kikuchi envelopes are superinposed on the Kikuchi pattern.

In this paper, we have took the Kikuchi envelope into consideration, because the
Kikuchi envelope is observed higher intensity than that of the Kikuchi line and is
created by the two dimensional surface reciprocal rod [4]. So, the position of the
Kikuchi envelope reflects a lattice constant of the top most surface layer. By using the
Kikuchi envelope in the RHEED pattern, we can measure the lattice constant of the
surface layer precisely, even on the surface during thin film growth.

We have applied the method to investigate difference between two GaN(0001)
substrates, which are two different stages of Chemical Mechanical Polishing (CMP)
after a mechanical polishing (MP) with the Diamond powder. It is reported that the MP
substrate is composed of a strong damaged layer with the thickness of 200 nm on a
weakly damaged layer with the thickness of 2000 nm in the surface region [5]. We
measured the lattice constant of the weakly damaged layer after removing the strong
damaged layer and that of the surface layer without any damaged layer removed by the
MCP. We confirmed that the difference in the lattice constant between these two
surface layers is about 1%.
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Various kinds of atom switches have been reported for the last several decades. While
most of atom switches are induced by tunneling current injected from STM tip,
buckled dimer rows (1D-like) on the Si(100) surface are switched by atomic force in
unidirectional manner, as recently found in AFM studies[1]. We have introduced a bi-
stable self-standing (0D-like) all-Si atom switch, Si tetramer (Sis) [2], which can be
fabricated on the well-known Si(111)-7x7 surface by atom manipulation at room
temperature [3].

Structure models of bi-stable Si4 in the ground state (Type-A and B) were constructed
by first-principles simulation [Fig. (a), (b)], and confirmed by corresponding STM
images using an Omicron LT QPlus-AFM/STM system operated at 80 K [Fig. (c), (d)].
Sis is switched between two mirror-symmetric equivalent configurations by both
atomic force and tunneling current selectively.

STM tunneling current induces downward switching on Sis, resulting in cross-like
contrast (AxB) in apparent [Fig. (e)]. In contrast, AFM images at close tip-surface
distances beyond the switching threshold clearly resolve four Si atoms of Sis [Fig. (f)].
Symmetric square-like contrast (A+B) is due to continuous upward switching during
scan. Competition and transition between force-induced (upward) and current-induced
(downward) switching is demonstrated. [2]

What happens if such well-defined single Sis atom switch stay next to another Sis? It is
intriguing question that they are still independent or interacting. To investigate
interacting atom switchs, we intentionally increased density of Si4 so that some of them
stay next to another Sis. Such two adjacent Sis atom switches is named “twin Sis” [Fig.

(@]

At high-bias STM image, both Si4 in twin Sis show cross-like image [Fig. (g)], while at
low-bias STM image, they show one of ground states of Sis, namely A type or B type
[Fig. (h)-(k)]. Such apparent looks of STM image is same as single Sis atom switch.
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However, it is found that twin Sis preferentially stay “On-On” state (Fig. (h)), meaning
two adjacent Sis exhibits atom switch so that bright protrusion of both Si4 stay closer to
each other. In addition, even switching probability of one Sis of twin Si4 increases
when another Si4 stay “On” state. Therefore, it is concluded that two adjacent Si4 atom
switches exhibits interaction, not only statically but also dynamically.

Flgure 1 (a), (b) DFT model of A state and B state Siy, respectlvely (c), (d) STM images of
A state and B state Sig, respectively. (e) High-bias STM image of Sis showing cross pattern.
(f) Close-distance AFM image of Sis showing square pattern. (g) STM image of twin Si4
showing cross pattern. (h-k) STM image of twin Si4 showing On-On, On-Off, Off-On, and
Off-Off states, respectively.
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Fast in situ observation by TEM is one of useful techniques in researches on phase
transitions of nanoparticles. In our previous study, it was evident that amorphous
antimony nanoparticles can be crystallized with ease by stimulation from the outside.
For example, when lead atoms are vapour-deposited onto amorphous antimony
nanoparticles kept at room temperature, crystallization of the amorphous antimony
nanoparticles is abruptly induced by an interfacial strain between an antimony
nanoparticle and crystalline lead nanoparticles attached. On the other hand, knock-on
displacements by high energy electron irradiation also become one of the stimulations
for the crystallization of the amorphous nanoparticles. In the present study, electron-
irradiation-induced crystallization processes of amorphous antimony nanoparticles
have been studied by ps time- and pm spatial-scale in situ observations by ultra-high
voltage electron microscope developed with JEOL Ltd. at Osaka University recently.

Amorphous antimony nanoparticles supported on thin amorphous carbon substrates
were prepared by a vapour-deposition method. Electron irradiation experiments and the
simultaneous in situ observations were carried out by JEM-1000EES ultra-high voltage
electron microscope operating at an accelerating voltage of 1 MV and the electron flux
of the order of approximately 10** e m?s”', which was equipped with Gatan K2-IS
electron direct detection CMOS camera. The time for one frame was 625 ps.

The figure 1 shows a typical example of atomic scale observations during
crystallization in an approximately 20 nm-sized amorphous antimony nanoparticle. The
figures 1(a)~(c) show the snapshots during crystal growth in about 20 nm sized
nanoparticle. In fig, 1(a), 2 nm-sized crystalline nucleus appears on the surface of the
particle, and the FFT pattern from the particle is in set. Week four spots are recognized
as indicated by four arrows in the FFT pattern, and correspond to nucleation of the
small crystal. In fig. 1(b), the nucleus grows up to approximately 5 nm in diameter,
after that the amorphous nanoparticle is crystallized in the whole nanoparticle. In the
FFT pattern, the week four spots change to an obvious net pattern, which is indexed as
the [2-21] zone axis pattern of an antimony crystal. In this case of the 20 nm-sized
nanoparticle, the velocity of interface migration is estimated to be approximately 20
um s”'. The velocity of the interface migration depends on the particle size, and it was
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confirmed that the smaller the particle size is, the faster the velocity is. From the
observation, the critical particle size for crystallization all over the nanoparticle is
estimated to be approximately 5 nm. A strain on the interface between this crystalline
nucleus and the amorphous nanoparticle may induce the crystallization all over the
nanoparticle. A schematic illustration of crystallization mechanism in amorphous
antimony nanoparticles is shown in the bottom of figure 1. The amorphous
nanoparticle has to jump beyond the activation energy for the crystallization. At the
early stage of the crystallization, small nucleus fluctuates between an appearance and a
disappearance. However, when the size of the nucleus is larger than the critical size for
crystallization, the strain energy of interface between this crystalline nucleus and the
amorphous nanoparticle will be larger than the activation energy. It is suggested that
the strain energy is a trigger for crystallization in amorphous antimony nanoparticles.

=, | Fluctuation

g AE>E, Crystallization
c ; AE <Eg

$ Activation

Q energy:AE

- f

E.. Strain energy of Am./Cry. interface
Reaction coordinate

Figure 1: (a) ~ (c) Snapshots by an atomic scale observation during crystallization in about 20
nm sized nanoparticle, and a schematic illustration of crystallization mechanism of amorphous
antimony nanoparticles.
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One of the advantages of quantum structure is that we can design band structure. An
occupied band structure, e.g. valence band in semiconductor, is easily evaluated by
ultraviolet photoelectron spectroscopy (UPS). On the other hand, it is surprisingly
difficult to evaluate an unoccupied band structure, e.g. conduction band in
semiconductor. Recently we proposed a novel photoelectron spectroscopy method to
reveal unoccupied band structures, which we call “visible-light photoelectron
spectroscopy (VPS).”

In this method, we utilize negative electron affinity (NEA) surface by depositing Cs
and O on a sample surface. Figure 1 shows the band diagram of p-type semiconductor
around a NEA surface. At the NEA surface, the vacuum level quickly decreases below
the bottom of the conduction band. The electrons excited by visible-light diffuse to the
surface in the conduction band and emit to a vacuum by electron tunneling. The
emitting electrons accelerated by external electric field reach hemi-sphere type
analyzer. The energy from Fermi level in the specimen, £—FF, can be determined from
the following equation: [1]

E_EF :Em +¢ana _I/bias’ (1)

where En is the kinetic energy of the electron measured by analyzer, ¢, is the work
function of analyzer, and Vi is the negative bias voltage between the specimen and
the analyzer. The emitting electrons are analyzed by semi-sphere angle resolved
analyzer.

We have actually evaluated the conduction band structures of GaAs and GaP utilizing
the VPS method. Recently we revealed conduction mini-band structures in superlattce
of InGaAs/GaAsP. However, the issue of determining wavenumber from angle values
still remains. In this study, we established a smart determination method of
wavenumber, and we actually evaluated the mini-band structure in superlattice
semiconductor.

Figure 2(a) depicts the InGaAs/GaAsP superlattice specimen and the calculated mini-
band structure. The specimen was grown by MOCVD method. Firstly, NEA condition
was prepared by supplying Cs and O gas to specimen surface alternately in the NEA
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preparation chamber [2]. Next the sample was transferred to the sample chamber and
the electrons excited by various visible laser lights (1.25 eV, 1.43 eV, 1.59 eV, 1.88
eV) were analyzed. The laser power is ~100 nW and the measuring time is about 10
min. Figure 2(b) shows the energy mapping and the energy distribution curve mapping.
We successfully evaluated the energy dispersion of mini-band.

NEA
acuum surface

level A\

Conduction
band
) 0\
Excited by =
visible-light E'EF
O
Valence
band
Semiconductor
Figure 1:

semiconductor  with

Band diagram of p-type
NEA  surface.

External field is applied between sample

and analyzer.
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Figure 2: (a) Sample structure of
InGaAs/GaAsP superlattice and (b) VPS
energy distribution curves mapping.
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Recently we developed a new TRHEPD (total-reflection high-energy positron
diffraction) apparatus [1, 2] on the beam line (SPF-A3) of a linac-based intense
positron beam at the Slow Positron Facility, KEK, Japan [3, 4]. TRHEPD is the
positron counterpart of reflection high-energy electron diffraction (RHEED). The high
intensity of the positron beam enables enhancement of the brightness of the beam [4]
for the observation of clear diffraction patterns within a reasonable measurement time.
It provides an ideal technique for the determination of the topmost- and immediate-
sub-surface structure of a crystal [5-7].

Here we report a successful determination of the atomic arrangement of the rutile-TiO»
(110)-(1x2) surface which is reconstructed from a well-known (1x1) surface by
elevating the sample temperature above ~1100 K. Although many models were
proposed for this structure during the past 30 years, it was under a long-lasting debate:
meanwhile several models were proposed based on scanning tunnelling microscopy [8,
9], low-energy electron diffraction [10], and ab initio calculations [11,12], including
Ti,03 [8, 10, 12], Ti30s [9] and Ti,O [11] compositions.

In order to address this issue, we analized the rocking curves, or the glancing angle
dependence, of the TRHEPD 00-spot intensity, using a fully-dynamical diffraction
theory [13]. The most plausible structure determined [14] is an asymmetric Ti>Os3
structure, where the two Ti atoms with the surrounding O atoms in the Ti20s3
composition on the top have different height. This conclusion agrees well with a recent
theoretical result by Wang ef al. [12] employing a global optimization method using
the USPEX code, where the atomic composition and the atomic arrangement of the
model were concurrently stabilized.

Thus it is concluded that the structure of the rutile-TiO; (110)-(1%2) is represented by
an asymmetric Ti,O3 model [14].

This work was partly supported by Grant-in-Aid for Scientific Research (S) No.
24221007 and that for Young Scientists (B) No. 26800170 from JSPS, and was
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Three dimensional strong topological insulators (TIs), such as Bi,Ses, Bi;Te; and
Sb,Tes, have metallic surface states in contrast to the insulating bulk. The surface states
are known to be topologically protected and robust for non-magnetic impurities [1].
Recently, Gd doped Bi,Te; was studied to understand the effect of magnetic rare-earth
element on the surface metallicity and magnetic property [2]. Bi».xGdxTes; showed a
magnetic phase transition from paramagnetic to antiferromagnetic phase.

In this study, we report to the identification of the stable Gd-related defects in Bi>Tes
by comparing the scanning tunneling microscopy (STM) measurements and the
simulated STM images using the first-principles calculations. We considered three Gd-
related defect types: adsorption on the surface (Gd.g), intercalation in the van der
Waals (vdW) gap ({gq), and substitution for Bi (Gdgi) or Te (Gdre). The Gdg; is turned
out to be the most stable among the considered structures. The Gdg; in second atomic
layer of the surface QL (Gdgii) is slightly more stable than Gdg; in fourth atomic layer
of the surface QL (Gdsiz), and the energy difference is as small as 0.005 eV.
Additionally, it is found that the /g4 in the vdW gap tends to kick out one Bi atom to
the vdW gap and take the Bi site, which results in the formation of a Gdgi>. This Gdgi2-
intercalated Bi (/g;) pair has a lower formation energy than /gq by 0.3 eV.

In the simulated STM images, Gdgii appears as a clover-shaped depression in both
filled and empty states as shown Fig. 1(c). Similar appearance in the STM image has
been observed for Fe doped Bi,Tes [3], Mn doped Bi,Tes [4]. On the other hand, Gdgiz
is indistinguishable from the pristine surface at least in the simulated STM images [Fig.
1(d)], which is differernt from the other metallic substitional elements in TIs [3, 5].
The Gdsip-/gi pair and Igq show a dark depression of a single Te atom in the empty state
[Figs. 1(a) and 1(b)]. In the filled state, the vicinity of the Te atom is dimmer than in
the pristine surface. The other considered Gd-related defects, Gd.a and Gdre, are not
observed at all negating their presence.

In addition, we found that an intrinsic defect, Bi anti-site defect (Bir.), is abundantly
found in the annealed Bi, «GdyTes. Bire manifest itself as a bright feature at both filled
and empty states, which is in good agreement with the STM experiments. It is
speculated that the volatile Te atoms are evaporated mainly from the surface upon
annealing. Bi atoms migrate to occupy the Te vacancy site and form Bir.. A
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subsequent migration of Gd atoms to vacant Bi site results in the formation of Gdgi. As
a result, the annealing gives rise to the out-diffusion of Gd and Bi.

This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government(MSIP) (No. 2015R1A2A2A01005564). The
computations were performed with the support from the Supercomputing Center/Korea
Institute of Science and Technology Information (No. KSC-2015-C2-049).

(a) Gdgtlg

Figure 1: The simulated STM images and atomic structures of Gd-related defects on the
BiyTes(111) surface. (a) Gdgi-Igi, (b) Icd, (¢) Gdgii, and (d) Gdgi. In each subfigure, the left,
center, and right panels show the empty state STM image, the filled state STM image, and
the atomic structure, respectively. The green, blue, and red circles represent Te, Bi, and Gd
atoms, respectively.
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Two dimensional electron gases (2DEGs) at surfaces and interfaces of semiconductors
are described straightforwardly with a 1D self-consistent Poisson-Schroedinger scheme
[1-3]. However, their band energies have not been modelled correctly in this way [2].

Using angle-resolved photoelectron spectroscopy we study the band structures of
2DEGs formed at sulfur-passivated surfaces of InAs(001) as a model system.
Electronic properties of these surfaces are tuned by changing the S coverage, while
keeping a high-quality interface, free of defects and with a constant doping density.

In contrast to earlier studies we show that the Poisson-Schroedinger scheme predicts
the 2DEG bands energies correctly but it is indispensable to take into account the
existence of the physical surface. The role of the surface, beyond the simple
electrostatics, is setting nontrivial boundary conditions for the 2DEG wavefunctions.

These observations are crucial in the general context of the understanding and

modeling of two-dimensional electron gases existing at surfaces and interfaces of
semiconductors and oxides [2-6].
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Figure 1: ARPES photocurrent maps reflecting 2DEG bands on several sulfur-passivated
InAs (001) surfaces As-rich surfaces.
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Breaking of the inversion symmetry at a crystal surface may lift the spin degeneracy of
the electronic states. This phenomenon, known as the Rashba effect, is responsible for
the existence of spin polarized electronic bands on the Bi-reconstructed Si(111) surface
[1,2]. The Rashba effect occurs also in one dimensional metallic structures formed on
stepped surfaces. Strong potential gradient related to the atomic steps may induce an
out-of-plane spin component [3,4].

Our goal was to constrain (V3x\3)-Bi superstructure to a form of quasi one
dimensional stripes using stepped Si(553) substrate. It turns out that bismuth forms
(N3x\3) structure on (111) terraces separated by steps. Diffraction measurements
supported by scanning tunneling microscopy (STM) show two different Bi-induced
reconstructions at 1/3 and 1 ML Bi coverage, resembling those obtained on the Si(111)
surface, namely (N3x33)-a and (V3x\3)-P. In the first case, it forms wide reconstructed
(111) terraces separated by (331) facets. In the latter case, the B phase stabilizes
Si(553) surface forming 26.6 A wide (111) terraces separated by double height steps,
similar to the order obtained on the bare Si(553) surface [5].

Angle resolved photoelectron spectroscopy (ARPES) measurements reveal electronic
structure similar to that obtained for the flat Si(111) surface, however, with broken
three-fold symmetry. It proves that the Si(553) surface may be used to obtain (N3x\3)-
B reconstruction with preserved electronic properties but constrained to quasi 1D
stripes separated by steps.
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Well ordered, two-dimensional (2D), binary surface alloys can in some cases be
formed by replacing surface atoms of a substrate by atoms of a second element. Such
2D alloys are confined to the outermost atomic layer and may have unique physical
and chemical properties. The Rashba type of spin split of surface electronic bands has
been intensively studied due to a potential application in spintronics. In these studies,
Ag(111) is an important substrate on which 1/3 monolayer of Bi, Pb, Sb, Sn and Ge all
form a Ag;E 2D surface alloy by replacing Ag atoms in an ordered way (E = Bi, Pb,
Sb, Sn or Ge). Bi, Pb, Sb, and Sn all result in a well-ordered V3 x v/3 R30° periodicity
[1-4], while alloying with Ge leads to a complex striped structure superimposed on the
V3 x v/3 R30° periodicity [5]. In the case of Bi/Ag(111), there is a big Rashba split
[1], while in the case of Sn/Ag(111) there is no observable split [4]. These findings are
in accordance with the expected decrease of the Rashba split with decreasing atomic
number. In the case of Ge/Ag(111), an unexpected split of the surface band was found
at the M point along the I' K M direction of av/3 X v/3 surface Brillouin zone (SBZ)
[5]. In order to further investigate this new kind of split of the surface bands, we have
investigated the Ag>As 2D surface alloy. Arsenic is the group V neighbor to Ge in the
periodic table and it is interesting to find that Ag>As shows the same kind of split as
AgrGe.

Low energy electron diffraction (LEED) reveals the existence of a /3 x /3 striped
atomic structure. From scanning tunneling microscopy (STM) images of the surface
alloy it is clear that there is a basic V3 X /3 structure with a superimposed long range
modulation, see Fig. 1. Electronic structure data obtained by angle resolved
photoelectron spectroscopy (ARPES) is also presented. The surface band spitting that
appears at the M point as a result of the modification of the basic V3 x /3 periodicity
is of particular interest.
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Figure 1: Atomically resolved filled state STM image (tunneling current of 200 pA
and a sample bias of +0.3 V) of a 7.3x10.4 nm? area of the Ag>As 2D surface alloy

obtained at room temperature. The image shows a V3 x v/3 striped structure.
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Graphene structural periodic patterning involving strain-engineering and/or added
periodic potential is a promising route to modifications of its electronic band structure
[1-9]. We have studied graphene grown on vicinal Ir(332), which can be benchmarked
to a well-known graphene on Ir(111) recognized for a weak van der Waals (vdW)
interaction. The system was studied with a range of experimental techniques which
gave the insight into structural characteristics (scanning tunnelling microscopy (STM)
and spectroscopy (STS) and low energy electron diffraction (LEED)) and electronic
band structure (angle-resolved photoemission spectroscopy (ARPES) and density
functional theory (DFT)). The graphene on Ir(332) caused a severe, yet reversible,
surface restructuring, consisting of formation of large (111) terraces and (331) step
bunches, giving the substrate and graphene a new periodicity.

The DFT calculations and STS showed that the nature of Gr-Ir interaction changes for
the stepped surfaces where strong chemical binding occurs at step edges effectively
anchoring graphene to each step, which provides the driving force for surface faceting.
At step edges a severe orbital mixing occurs, and this local graphene chemisorption
drives the surface restructuring in competition with the strain present in the system.
This finding provides a general framework for the understanding of graphene mediated
faceting of stepped substrates whenever the interaction of graphene to the
corresponding low index surface is dominated by the vdW force.

Moreover, the identified chemical binding at step edges and accompanying charge
transfer resulted in the strong n-type doping of graphene on (331) facets while on (111)
facets graphene remained p doped.
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Figure 1: (a) A schematic representation of the mapped sample geometry in real space. (b)
ARPES map of the [J(111)-Kgr3-Mrs3o direction with a green dashed line indicating
contribution from R30 graphene on (111). (¢) ARPES map of the [1(331)-Kr3o-Mr3o
direction with a red dashed line indicating contribution from R30 graphene on (331).

We propose that the periodically alternating (111) and (331) facets and the presence of
pronounced boundary steps constitute a source of a 1D periodic potential which caused
the observed graphene band modification. Measurements of the electronic band structure
of the graphene on (111) facets showed the Dirac cone anisotropy with a severe Fermi
velocity reduction in the direction parallel to the step edges consistent with the theory
[10-12]. Additionally, the graphene m band is also tilted, which is likely an effect of
graphene buckling, due to its periodical bending across step edges. [13]
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Thanks to their particular shape and small diameter, semiconductor nanowires exhibit
very special optical properties in the optical and near-infrared domain. The small
diameter also enables a quasi-defect-free integration with lattice-mismatched substrates
or in lattice-mismatched junctions. Overall this results in an extremely high potential
for semiconductor nanowires in next generation solar cells. We will review the
theoretical aspects of nanowire-based solar cell design as well as some experimental
demonstrations. Near-future and long term perspectives will also be discussed.

In this talk we report on the recent progress in our group concerning catalyst-free
growth of III-V nanostructures. In particular we demonstrate how to obtain 100%
vertical GaAs wires on silicon by controlling the thickness of the native oxide on the
substrate and thereby the contact angle of the droplet (Figure 1 (a)-(b)). In the case of
indium based wires we have found the density of stacking faults and twins can be
reduced by incorporation of antimony. InAsSb nanowires with an antimony content
above 25% are shown to be pure zinc blende twin-free over several hundred
nanometers. Further we present the importance of surface passivation with a high-
quality dielectric in order to achieve more reproducible electronic measurements and to
enable the fabrication of top gates. A twin-free InAsSb nanowire with a 10nm alumina
shell is shown in Figure 1 (c) and a top gated device in Figure 1 (d). Another approach
to control defect formation is the growth of two dimensional nano-membranes. The
membranes which are grown in (112) oriented openings on an oxide covered
GaAs(111)B wafer are found to be defect-free. GaAs quantum wells can be defined by
growing AlGaAs and GaAs shells around the membrane as shown in Figure 1 (e)-(f)..
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Figl. (a)-(b) Gallium droplet and GaAs nanowire growth on a Si(111) wafer with optimized
native oxide thickness for vertical wire growth [1]. (¢) Twin-free InAsSb (35% Sb)
nanowire coated with 10nm of alumina. (d) Top gated device based on an alumina coated
wire (green: wire, blue: contacts, yellow: gate) [2]. (e)-(f) GaAs/AlGaAs nanomembrane
heterostructure with a GaAs quantum well [3].
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Interface processes strongly affect the performances and efficiency of organic based
devices. The integration of 2D materials like graphene in organic devices (for example
as electrodes) is expected, on the other hand, to improve the overall device
performances. There is a need therefore for a deeper understanding and control of
processes like charge transfer (CT) at interfaces between organic films, graphene and
metals. Charge injection across molecular junctions can occur at the femtosecond time
scale or even shorter. In most cases this time frame is still out of reach of the pump
probe spectroscopies. Here we use X-ray spectroscopies to investigate charge injection
in complex hetero-structures that include organic molecules, graphene and metallic
substrates. We show that the Core hole clock implementation of the Resonant
Photoemission spectroscopy (RESPES) allows us to determine charge dynamics in
both directions (to/from the molecule) at these interfaces and can give clues on the
interface parameters that can increase/decrease the charge transfer efficiency.
Examples of model systems will be discussed.

It will be shown how RPES allows us to elucidate the role of inter-molecular
interaction on through-space charge transfer characteristics in m-stacked molecular
systems [ 1], the electronic coupling, morphology and charge transfer rates at the donor-
acceptor (D/A) interfaces between C60 and either flat- or contorted hexabenzocorones
(HBC) [2] and the relation with improved internal (IQE) and external (EQE) quantum
efficiency of devices based on these shape-matched molecular systems. The case of
ammine and pyridine terminated organic overlayers will be discussed in connection
with recent results of break junction experiments [3]. In this case we show how core-
hole clock spectroscopy can be used to measure charge transfer through noncovalent
interactions and map charge delocalization times from carbon and nitrogen sites on the
molecules. Comparison of charge transfer rates between different substrates (metal,
graphene and graphene nanoribbons) will be discussed elucidating the role of the local
density of states of these materials and the level alignment in the charge transfer
process [4].
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Au(111) Graphene/Ni(111) Graphene nanoribbons
on Au(111)

Figure 1: Comparison between charge transfer process from bipyridine and various
substrates.
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Refined X-ray spectroscopy can play a key role in understanding the fundamental
mechanisms responsible for the physical and chemical properties of advanced
functional materials and devices. In this contribution, we will focus on TiO, — based
nanostructures, which are actively studied for many applications, including
photocatalysis. Despite many potential advantages, one limitation of TiO, is the wide
band gap, which limits solar light absorption. By using high resolution XAFS and
RIXS we have recently studied the atomic and electronic structure of two materials
systems designed to overcome this limitation: nanostructures formed by close assembly
of Au and TiO; nanoparticles [1] and V-doped TiO; [2].

Exploiting plasmonic Au nanoparticles to sensitize TiO; to visible light is a widely
employed route to produce efficient photocatalysts. However, a description of the
atomic and electronic structure of the semiconductor sites in which charges are injected
is still not available. Such a description is of great importance in understanding the
underlying physical mechanisms and to improve the design of catalysts with enhanced
photoactivity. We investigated changes in the local electronic structure of Ti in pure
and N-doped nanostructured TiO, loaded with Au nanoparticles during continuous
selective excitation of the Au localized surface plasmon resonance with X-ray
absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS).
Spectral variations strongly support the presence of long-lived charges localized on Ti
states at the semiconductor surface, giving rise to new laser-induced lowcoordinated Ti
sites.

Doping with transition metals is an effective method to enhance visible-light
absorption in TiO, nanoparticles and to improve the efficiency of many photocatalytic
processes under solar radiation. We have performed an in-depth XAFS study of V
dopants in TiO, nanoparticles deposited by gas-phase condensation with a local
structure similar to anatase, rutile, or intermediate. The combination of K- and Ledge
spectra in the pre-edge, edge, and extended energy regions with full potential ab initio
spectral simulations shows that V ions occupy substitutional cationic sites in the TiO»
structure, irrespective of whether it is similar to rutile, anatase, or mixed. Very recently
we have also performed RIXS measurements which highlight changes in the
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occupation of electronic states localized on Ti and V induced by visible light
absorption.
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Figure 1: Graphical description of the experiment on Au:TiO2 and of hot electron charge
transfer. The inset reports the effect of laser illumination on HERFD spectra and a typical
RIXS plane.
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Nanodiamond particles, hydrosol and gel.
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Over the last few decades the application area of detonation nanodiamonds (DND) has
been essentially restricted due to extreme strength of agglomerates that are formed
from DND particles [1]. Recently developed methods for deagglomeration of DND and
obtaining the stable hydrosols of diamond nanocrystals having size of 4-5 nm [2, 3]
opened new application areas for this promising material. In this presentation, we
report the results of study of the structure of the DND agglomerates, mechanism of
deagglomeration, formation of stable hydrosols having positive and negative zeta
potential.

We have revealed that the hydrogel is formed at increasing of concentration of DND
particles higher than 4-7 wt. % and found that the concentration for hydrogel formation
depends on sign of zeta potential. We have shown that stability of the hydrosol can be
explained in the frame of DLVO theory [4]. However, there are some features, which
have to take into account that double electric layer around every DND particle has not-
spherical shape. The DLVO theory cannot be applicable in that case. We suggest new
models for hydrogel formed from diamond nanoparticles. Characterization of
suspension and gel by method of dynamic light scattering, small angle neutron
scattering and by theoretical estimations supports the model.

The research was supported by the Russian Scientific Foundation (project 14-13-
00795).
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Detonation nanodiamonds (DND) are one of the products of the detonation of organic
explosives with an imbalanced carbon-oxygen ratio biased towards the carbon content.
They are diamond crystallites with a typical size of less than 10 nm, which makes them
a very attractive material for nanotechnology.

At present, of special interest is the combination of high specific surface and
biocompatibility of DND. This is an important factor in the creation of nanocomposite
materials for medical applications that use specific spectral properties of these
nanoparticles. One of the main directions in the physical and chemical studies of DND
concerns the purification and synthesis of their liquid suspensions in various solvents
as a basis for the storage and subsequent chemical modification of nanoparticles. The
availability of stable suspensions over a wide range of DND concentrations (up to 10
wt.%) makes it possible to apply [1-3] very effectively in structural research the
method of small-angle neutron scattering (SANS) by using the contrast variation
technique based on isotopic hydrogen-deuterium substitution in solvents. There are two
fundamental aspects of the research presented: (I) structure of DND particles and their
specific features at a nanoscale (characteristic size level of 10 nm); (II) cluster
formation in the synthesis of DND and during their dispersion in liquid carriers
(characteristic size level of 100 nm and higher).

It has been shown that DND particles reveal high size polydispersity (range from 2 to
10 nm) and exhibit a non-uniform inner structure. Thus, along with the predominant
diamond component within the crystallites a graphite-like shell exists on the crystallite
surface. This shell is also non-uniform and is characterized by a rather wide spatial
diamond-graphite transition in terms of the radial distribution function of the scattering
length density. It is responsible for the diffusive nature of the DND particle surface
revealed in the scattering experiments as a specific deviation from the classical Porod
law for particles with a smooth interface. To ensure a continuous diamond-graphite
transition in DND, a characteristic diffusivity parameter is to be small, which can be
observed in all the systems studied.
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It has been shown that stable and reproducible fractal clusters with a wide size
distribution from 10 to 100 nm and above (primary aggregation) are formed in liquid
DND dispersions. The growth mechanism for the clusters characterized by a branched
structure for both light and heavy cluster fractions is unique irrespective of the
dispergation procedure and polar liquid carrier. By its structural characteristics it is
similar to the mechanism of diffusion limited aggregation (DLA). The branched
structure of the primary clusters determines their overlap in the secondary aggregates.
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Figure 1: Characteristic structural peculiarities of DND in liquid suspensions as seen by
SANS.
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Recently, several research groups have reported the growth of germanene, a new
member of the graphene family. Germanene is in many aspects very similar to
graphene, but in contrast to the planar graphene lattice, the germanene honeycomb
lattice is buckled and composed of two vertically displaced sub-lattices.

Figure 1: Buckled formation of a hexagonal 2D Dirac material composed of Ge-atoms:
germanene

Density functional theory calculations have revealed that free-standing germanene is a
2D Dirac fermion system, i.e. the electrons behave as massless relativistic particles that
are described by the Dirac equation, which is the relativistic variant of the Schrodinger
equation. Germanene is a very appealing 2D material. The spin-orbit gap in germanene
(~24 meV) is much larger than in graphene (<0.05 meV), which makes germanene the
ideal candidate to exhibit the quantum spin Hall effect at experimentally accessible
temperatures. Additionally, the germanene lattice offers the possibility to open a band
gap via for instance an externally applied electrical field, adsorption of foreign atoms
or coupling with a substrate. This opening of the band gap paves the way to the
realization of germanene based field-effect devices. In this topical review we will (1)
address the various methods to synthesize germanene (2) provide a brief overview of
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the key results that have been obtained by density functional theory calculations and

(3) discuss the potential of germanene for future applications as well for fundamentally
oriented studies.
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Nanostructured hydrogen functionalization has been shown to open a band gap in
graphene [1], but also to result in increased band broadening associated with scattering
due to disorder induced by imperfect functionalization structures [1,2]. Here, we
demonstrate band gap engineering in hydrogen functionalized graphene by changing
the functionalization degree and the symmetry of the functionalization structures.

Figure 1: Scanning tunneling microscopy image of selective hydrogen functionalization of
HCP regions in graphene on Ir(111).

This has been achieved by exploiting small differences in hydrogen adsorbate binding
energies on graphene on Ir(111), which allow tailoring of highly periodic

141



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

functionalization structures favoring one distinct region of the moiré super-cell.
Scanning tunneling microscopy (STM) measurements show that a highly periodic
hydrogen-functionalized graphene sheet can thus be prepared by controlling the sample
temperature during hydrogen functionalization. The associated reduction in the
variation of hydrogen adsorption sites is evidenced by X-ray photoelectron
spectroscopy (XPS). At deposition temperatures of 645 K and above hydrogen is
observed to adsorb exclusively on the HCP regions of the graphene/Ir(111) moiré
structure. This finding is rationalized in terms of a slight preference for hydrogen
clusters in the HCP regions over the FCC regions as found by density functional theory
(DFT) calculations.  Angle-resolved photoemission spectroscopy (ARPES)
measurements demonstrate that the preferential functionalization of just one region of
the moiré super-cell results in a band gap opening with very limited associated band
broadening. Thus, hydrogenation at elevated temperatures provides a pathway to
efficient band gap engineering in graphene via the selective functionalization of
specific regions of the moiré structure [3].
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Since the discovery of graphene, intensive interest has been focused on two
dimensional (2D) materials, especially mono-elemental 2D materials which may
possess novel physical properties beyond that of graphene.

Figure 1: Two-dimensional boron sheets prepared on Ag(111) substrate. (a,d) are the large
area STM image of the two 2D boron phases; (b,d) are high resolution STM images. (c,f) are
their corresponding structure models.

In the periodic table of elements, elements sitting around carbon are group IV elements
such as silicon, germanium and tin, as well as boron and nitrogen. 2D graphene-like
materials such as silicene, germanene, stanene and black phosphors have recently been
fabricated, but they are not stable in air. Boron possesses sp2 hybridized orbitals
similar as carbon, which favors the formation of low dimensional nanostructures such
as nanotube and fullerene. Theoretical studies revealed that 2D boron (borophene) is
energetically stable. However, because of the extremely high melting point and low
vapor pressure of boron, the experimental growth of borophene is very difficult, and
the 2D form of boron has never been realized previously.
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Here, we have experimentally realized 2D boron sheets (borophene) on Ag(111)
surface for the first time [1]. We evaporated boron directly in a homemade molecular-
beam epitaxy system. Two types of 2D B structures were found to formed on Ag(111)
by using scanning tunneling microscopy. Combining with first principles calculations,
it was revealed that boron atoms in our 2D B sheets are arranged in triangle lattices
with periodic arrangement of holes, which accords with previous theoretical
predictions very well. We also found that the 2D B sheets bonds to the Ag(111)
substrate only weakly, and it remains chemically stable against oxidization in air. The
experimental realization of such long expected 2D boron (borophene) structure
provides a very exciting candidate for device applications in the future.

It should be noted that another parallel work was reported [2] by Mannix et al. at the
same time (submission date later than ours). They also reported two boron sheet
structures, one of which agrees with our work. Another structure, however, disagrees
with our results. It is noted that several theoretical works have all supports our
structures to be more stable ones.
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The basic unit of sp’ hybridized carbon is a linear chain of carbon atoms. The existence
and stability of the bulk sp' phase carbyne is still controversial; however, isolated
atomic carbon chains as the building blocks of carbyne and a perfectly 1D material
have already been detected in several studies.
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Figure 1: Model of a carbon chain spanning between a graphene ribbon (sp? contact) and a
carbon nanotube (sp® contact). Experimental current-voltage curves are shown for
semiconducting polyyne (top left) and metallic cumulene (bottom right). The TEM image
shows a typical carbon chain. The principle of current-voltage measurement is indicated.
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It has been predicted that carbon chains are unusual conductors that may occur either
as metallic cumulene with double bonds or as semiconducting polyyne with alternating
single and triple bonds. Now, it became possible to generate carbon chains in in-situ
experiments in an electron microscope and to study some of their properties.

A scanning tunnelling microscopy setup integrated into the specimen holder of a
transmission electron microscope allows to establish metal contacts to graphenic
material and, by controlled retraction of the electrodes, to unravel chains of carbon
atoms from graphene. At the same time, the electrical properties of the chains can be
measured [1, 2]. By recording current-voltage curves of individual carbon chains, both
cumulene and polyyne are identified.

It is found experimentally and by quantum conductance calculations that transport
through narrow resonant states makes the conductivity much lower than predicted in
previous theoretical work. When the 1D system is under strain, the chains exhibit a
semiconducting behaviour, corresponding to polyyne. Conversely, when the chain is
unstrained, an ohmic behaviour, corresponding to cumulene, is observed [3]. This
confirms a recent theoretical prediction, namely that the Peierls distortion, which
would stabilize polyyne, is suppressed by zero-point vibrations in an unstrained chain
so that cumulene is the stable configuration. In the presence of strain, however,
polyyne is favoured by the Peierls instability. Thus, a metal-insulator transition can be
induced by adjusting the strain. Furthermore it is shown that these atomic chains can
act as rectifying diodes when they are in a non-symmetric contact configuration.
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Theoretical studies on the 3C-SiC NWFETs, in various transport regimes [1, 2, 3],
have shown that the SiC NWFETs have similar performance to the Si-based ones while
they offer the advantage of high temperature operation and eventually efficient heat
dissipation. Thus, the use of SiC NWFETs will not degrade the electrical
characteristics while it will address main issues in device scaling.
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Figure 1: Output I-Vs of 3C-SiC NWFETs with: (a) bottom—up and (b) top-down grown SiC
NWs.

Up to now, the potential advantages of SiC-based NWs have not been demonstrated
mainly due to poor material properties of the grown materials (high density of planar
defects and high residual doping) and the basic technology employed for fabricating
SiC NWFETs resulting mainly in poor quality interface with gate dielectrics [1, 4, 5].
Back-gated NWFET geometries with ohmic contacts on the source and drain sides
have been mainly employed. Most transistors exhibit weak gating effect (g,,<1 nS) and
the device switching off is not achievable even for high negative gate voltages due to
the high electron concentration. A better gating effect (g,>1 nS) and device switching
off have been achieved by using Schottky contacts [6]. The SiC NWFETs with ohmic
source and drain contacts perform poorly due to the fact that the doping in the
nanowire is too high preventing the nanowire of becoming fully-depleted in the off-
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state. If nanowires with reduced doping could be grown then, the ohmic contact
devices would outperform the SB devices by a wide margin [1, 6]. Since all SiC
NWFETs related studies used SiC NWs produced by bottom up growth methods, a
possible solution would be to form the NWs by a lithographic top-down approach. The
recent effort is devoted to develop SiC NWFETs by using NWs formed by a top-down
approach (“top-down” transistors) and compare their performance with that of SiC
NWFETs with bottom-up grown NWs (“bottom-up” transistors).

The increased output currents (Fig.1) and transconductance value observed in the case
of has top-down transistors confirmed partly the above hypothesis of high residual
doping value, since a transistor switching off has not been possible. It is obvious, that
to further improve the device performance of NWFET, it is strongly needed to control
the gate dielectric/NW channel interface. Towards this purpose, a NW embedded top-
gate geometry and eventually reliable high-k material deposition are necessary.
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Wafer scale epitaxial graphene grown on SiC single crystals is regarded as a suitable
candidate for carbon based electronics. Although the presence of the SiC substrate has
a strong influence on the electronic and structural properties of the graphene layers,
these properties can be manipulated by functionalizing the graphene/SiC interface on
an atomic scale. Intercalation under the first carbon honeycomb layer can relieve the
strong covalent bonds of its atoms to the SiC(0001) substrate and manipulate the =-
band structure in a large range of aspects. We have shown in recent years that this
carbon layer can be turned into quasi-free standing monolayer graphene and that
designed doping levels are accessible [1-4]. Here, I will demonstrate how extreme
doping levels and drastic renormalization magnitudes give access to novel graphene
properties that may promise applications such as plasmonics and superconductivity.

Intercalation of Cu induces a coincidence superstructure on top of the SiC surface,
which originates from periodic regions of different bond configuration for the carbon
atoms in the graphene layer [3]. A (13%13) graphene superlattice is seen in low-energy
electron diffraction (LEED). As a result, a long range periodic potential is imposed
onto the graphene layer, which leads to a profound modification of its electronic
spectrum. A surprisingly strong doping and the development of mini-Dirac cones are
observed in angle-resolved photoemission spectroscopy (ARPES).

Au intercalation yields two phases of different carrier type in SiC based graphene [4].
With the improved preparation quality of our furnace grown graphene layers, we
retrieve a highly ordered graphene/intercalant/substrate system as demonstrated in
ARPES by periodic replicas of the graphene m-bands. High resolution experiments
reveal a significant renormalization of the graphene bands due to a strong electron-
plasmaron interaction which can be used to estimate the tunability of graphene’s
dielectric constant due to the intercalation. A sharp 2D band structure of its own can be
resolved for the gold layer.

Extremely high doping regimes can be reached by the intercalation of lanthanide
elements — in this case Gadolinium. As a result, the Van-Hove singularity in the n-band
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structure at the M-point of pristine graphene is shifted towards the Fermi level so that
spectral weight appears in ARPES along the KMK-line. Thus, the intercalation’s
influence on the electronic structure of the graphene can be viewed as a topological
transition from a situation with 2 hole pockets to one electron pocket. The doping is
accompanied by a strong bending of the bands in the vicinity of the Fermi energy,
which we attribute to a combination of hybridization with the Gd orbitals and electron-
electron interaction. Additionally strong electron-phonon coupling is observed. We
speculate that the high density of states at the Fermi level may potentially allow to
access superconductivity in graphene.
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The metal-insulator transition (MIT) of VO is revisited with particular emphasis on
the structural instability of the rutile compounds toward dimer structures. Ti
substitution experiments reveal that the MIT is robust up to 20% Ti*" substitution (hole
doping) and occurs even in extremely thin V-rich lamellas of a few nm thick in
spinodally decomposed TiO,—VO, composites [1-3], as shown in Fig. 1, indicating
that the MIT takes on an essentially local character and suggesting that either electron
correlation or Peierls (Fermi-surface) instability plays a minor role on the MIT.
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Fig. 1. (a) Schematic representation of a spinodal decomposition in the TiO,—VO, system.
A solid solution crystal between the two components are stable above 830 K, which
crystallizes in the rutile structure with Ti/V atoms statistically occupying the position
surrounded octahedrally by six oxide atoms. A spinodal decomposition occurs at lower
temperatures, resulting ideally in such a natural superlattice crystal having a mega stack of
alternate Ti- and V-rich layers along the ¢ axis with periods of 5-50 nm. (b) electron
micrograph showing a lamellar structure in which Ti-rich layers (bright bands with ~20 nm
thickness) and V-rich layers (dark bands with ~15 nm thickness) alternate with an average
periodicity of 33 nm along the C axis.
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It is pointed out through a broad perspective of crystal chemistry on the rutile-related
compounds that VO, and another MIT compound NbO; in the family happen to lie just
on the borderline between the two structural groups with the rutile structure and the
distorted structures characterized by the formation of dimer molecules with metal—
metal bonding. It is also shown that the two compounds of the rutile form do not
follow the general trends in structure observed for the other rutile compounds, giving
clear evidence of an inherent structural instability in the two compounds. The MITs of
VO, and NbO; are natural consequences of structural transitions between the two
groups, as all the d electrons are trapped in molecular orbitals of dimers at low
temperatures in the dimer phases. Dimer phases are ubiquitous in transition metal
compounds with chain-like structures made of face- or edge-sharing octahedra, such as
MoBr3, NbCls, TisO7, and V40O, the latter two of which also exhibit MITs probably of
the same structural origin. In a broader sense, dimer phases belong to "molecular
orbital crystals" in which virtual molecules made of transition metal atoms, such as
dimers, trimers or larger ones, are stabilized by generating metal-metal bonding at low
temperatures. Molecular orbital crystallisations are often observed in many transition
metal compounds that comprise edge-sharing octahedron networks of various
connectivities.
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Surfaces and interfaces offer new possibilities for tailoring many-body interactions that
dominate electrical and thermal properties of transition metal oxides (TMOs). Through
photo-stimulated chemical doping of TMOs surfaces we can create quantum confined
two-dimensional electron liquids (2DEL) at bare TMOs surfaces [1-5]. Here I will
present our recent angle resolved photoemission spectroscopy (ARPES) experiments
on 2DELs at the surfaces of SrTiO; and anatase TiO,. Through carrier density control
and lateral confinement, we will demonstrate how surface and interface engineering at
atomic scale can be used to tailor properties of oxide 2DELs [3-5].
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Figure 1: Energy—momentum intensity map and curvature plot, respectively, for a two-
dimensional liquid of large polarons at the SrTiO3(001) surface [4]. Note the dispersive replica
bands at higher binding energy arising from strong coupling to the longitudinal optical (LO)
phonon branch of SrTiO3; with energy 4.2 o approximately 100 meV.

In the first part, we will use the prototypical 2DEL at the SrTiO3(001) surface [1-3] to
reveal a remarkably complex evolution of electron-phonon coupling with the tunable
carrier density of this system [4]. At low density, where superconductivity is found in
the analogous 2DEL at the LaAlOs/SrTiOs interface, our ARPES data show replica
bands separated by 100 meV from the main bands. This is a hallmark of a coherent
polaronic liquid and implies long-range coupling to a single longitudinal optical
phonon branch. In the overdoped regime the preferential coupling to this branch
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decreases and the 2DEL undergoes a crossover to a more conventional metallic state
with weaker short-range electron-phonon interaction.

In the second part, we describe a bottom-up approach for the lateral confinement of a
2DEL with atomic scale precision on an unprecedented length scale comparable to the
Fermi wavelength [5]. To this end, we use pulsed laser deposition to grow anatase
TiO2 films terminated by a (1 % 4) in-plane surface reconstruction. Employing photo-
stimulated chemical doping, we induce a 2DEL confined within only 2-3 unit cells
below the TiO; surface. Subsequent in-situ ARPES experiments demonstrate that the
(1 x 4) surface reconstruction provides a periodic lateral perturbation of the electron
liquid. This causes strong backfolding of the electronic bands and the opening of
unidirectional gaps at the reduced Brillouin zone boundaries, leading to a quasi-one-
dimensional electronic structure. These findings open a new pathway for tailoring the
electronic properties of oxide 2DELs.
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Since graphene was discovered some years ago [1], the interest in two dimensional
(2D) materials has grown exponentially. The so-called transition-metal di-
chalcogenides have recently attracted great attention due to their promising properties.
One of the most studied compounds is MoS, due to its potential nanoelectronic,
optoelectronic and spintronic applications [2].
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Figure 1: Force curves of a Cu tip contacting to different molecules adsorbed on a defect
formed by the substitution of two S by two Mo atoms in the MoS2 monolayer. The ball and
stick models of the contact point (minimum force) are shown for: a H,O/CO, molecule
(green/blue triangles), on the left/right side, and on the inset a NO molecule (red circles).

Very recently, this material has been proposed as a fundamental part in gas sensors [3].
In those cases, the molecules were weakly bonded by van der Waals (vdW) forces to
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the poorly reactive MoS, substrate, changing the electric current measured in the
Sensor.

In this work, we have performed density functional theory (DFT) simulations using the
VASP code [4] in order to find the most stable structures of small inorganic molecules
(such as H>O, N,, Oy, CO, NO and CO;) adsorbed on different point defects of the
MoS; monolayer [5]. Our results show that the molecules can be bonded to the Mo
atoms in the substitutional defects. In our analysis, the Sulphur divacancy occupied by
two Mo atoms has been selected as the most interesting defect. Once the molecules are
bonded to this point, they can be identified using the Scanning Probe Microscopies
(SPM). Following the original idea of chemical identification proposed some years ago
[6], each molecule will lead to a different force curve when an atomic force
microscope (AFM) tip is approached. In figure 1, the forces of CO, NO, CO», H>O and
O, molecules are represented. The resulting value and position of the minimum force
characterize the kind of molecule that has been scanned by the AFM. At the same time,
the use of a metallic tip allows the calculation of the conductance as a second
fingerprint of each molecule. This second parameter will help to elucidate the kind of
molecule adsorbed in cases with comparable force (see in Figure 1 the similar values
obtained for O, and NO). Using these parameters, a complete database would be
created in order to identify molecules in future experimental measurements.
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Thermoelectricity is of great interests for energy conversion from waste heat to
electricity, or electrical cooling of devices by dumping heat from hot side to a sink. To
meet the demands for highly efficient thermoelectric performance, the community has
been made tremendous endeavors to improve the figure of merit for thermoelectricity..
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Figure 1: P-type thermoelectrics CazCo4O9 and N-type thermoelectrics In,Os.
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Oxides, quite stable form of matter in air, have been investigated as excellent
candidates for thermoelectric applications, thanks to their relatively higher chemical
and structural stability of oxides. Meanwhile, the interrations among cations and
oxygen atoms are believed to play important role in regulating the carrier generation,
charge tranport as well as lattice dynamics of oxides. Consequently, the thermoelectric
transport properties, such as electrical conductivity, Seebeck coefficient and thermal
conductivity, can be optimized via defect chemistry, hierarchically structural
engineering approaches.

In this talk, we will present the recent progresses of such structural tuning of two
typical thermoelectric oxides, e.g. CazCo04O9 and In,Os.(Figure.1) The Caz;Co040o,[1-2]
being a p-type thermoelectric material, has a misft structure consisting of two
subsystems which are dominant for charge and heat transport, respectively.
Furthermore, the In,0Os,[3-4] representing a n-type thermoelectric material, possess
cubic structure with two inequivalent indium sites. The local structure optimization of
the thermoelectricity in those two families of oxides is envisaged to pave the way for
obtaining oxides with higher thermoelectric performance. Combining the strategy in
both p-type and n-type thermoelectrics is promising for manufacturing thermoelectric
modules in future applications for both energy conversion and electrical cooling.
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The Ballistic Electron Emission Microscopy (BEEM) [1,2] is a powerful technique to
investigate interfaces of bulk systems. The experimental setup of BEEM is basically
based on the Scanning Tunneling Microscope (STM), so that the spatial resolution is in
atomic scale as STM.
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Figure 1: A scheme of BEEM current within an STM setup. Electrons on the tip is
transported by tunneling effect to the metallic surface, then they meet Schottky barrier at the
interface. Since the electrons have just about 1 eV of kinetic energy, they can be ballisticaly
transported in the semiconductor.

When we cover the surface of a semiconductor with a metal thin layer, Schottky barrier
is generated at the interface and behaves as an additional barrier to the tunneling barrier
from the tip to the sample. Due to these two barriers, a hot electron, whose kinetic
energy is about 1 eV, is created and travels in the bulk “ballistically”, namely the
scattering should be elastic without loss by excitons or plasmons. (See Fig. 1)

160



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Theoretical studies for BEEM have been done by means of k-space band calculation
[3] and tight-binding method [4,5]. k-space band study is very convenient to
understand the phenomena in qualitative way, however the diffusion process of the hot
electron in real space out of periodicity can not be considered. While the tight binding
method can treat the transport problem in the real space, the approximation is not
suitable for the long traveling delocalized state due to the use of localized basis.
Multiple scattering theory gives a good representation for a large-scale system within
real space formalism. [6,7] We applied the full potential multiple scattering theory
[8,9] to BEEM to describe the transport phenomena accurately.
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The band structures of ordered and thermally disordered Li,Mo0;,034 are calculated by
use of ab-initio DFT-LMTO method with focus on the behavior of the Mo 3d-core
levels. High resolution photoemission have been used to measure the Mo 3d core
spectra at low and high T. Comparison with possible XPS experiments should reveal
what static and vibrational disorders are present in the real material. It is also useful to
study core levels in magnetic materials for understanding of T-dependent spin
moments.
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We have developed multiple-probe scanning probe microscopes (MP-SPMs) [1-3]
which are not only useful in revealing physical properties of individual nanostructures
and nanomaterials but also in investigating nanoarchitectonically assembled
nanosystems. In this paper, we present our recent study using MP-SPM. Here, complex
networks of nanowires are shown to exhibit interesting features such as a “small-
world” and 1/f type fluctuation. Detailed analyses on the 1/f feature lead us to convince
the complex networks to be neuromorphic networks which are, in the other words,
materials that think.

Multiple-probe SPM

h\p j’¢ ‘{@—N% + HCl

. {Doped PANI
n / anofiber Network
Figure 1: Schematic illustrations of (Left) multiple-probe SPM and (Center) four probe

AFM measurements on a network of nanowires. In the right panel, MP-AFM image of
doped-PANI and SEM image of Ag nanowire networks are shown.

The MP-SPMs [4] used in this study are home-built systems which equip
independently-driven four AFM/STM probes. Each probe can be used as atomic force
microscope (AFM) probe, a Kelvin force microscope (KFM) probe or a scanning
tunneling microscope (STM) probe. For example, all the four probes are
simultaneously operated in non-contact AFM mode to identify their locations on the
structure of interest, then two of them are brought into contact with the structure as
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source and drain electrodes. Another probe can be used for imaging the region of
interest in a KFM mode to measure potential variation.

As samples to be measured, complex networks of nanowires were prepared on
insulating substrates such as glass, mica, or SiO; on Si by drop-casting or spin-coating
chemically prepared nanowires of conductive peptide [5], doped poly-aniline (PANI)
[6] and sliver (Ag). Then, we used MP-SPM and other microscopes together with a
semiconductor parameter analyzer for characterizing and monitoring morphological
and electrical properties of the networks. Tuning fork type sensors having
electrochemically etched tungsten tips [7] were used in MP-SPM measurements.

In the case of pseudo 2D networks of doped-PANI nanowires, the resistance did not
show simple dependence against distances between two probes of MP-SPM, which
was well-explained by a non-trivial topological feature known as a “small-world”
property [8], indicating that the network is a complex network. Similar complex
network could also be formed by Ag nanowires, and, interestingly it showed 1/f noise
feature in power density spectra when flowing electrical current. This Ag nanowire
network showed memristive property which were not confirmed for doped-PANI
networks. Also, at individual cross point between Ag nanowires, an atomic switch [9]
behavior was confirmed by MP-SPM measurements. From these results, the complex
network of Ag nanowires would work as a neuromorphic materials network [10].
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The technique of X-ray Photon Correlation Spectroscopy (XPCS) [1] continues to
grow in application. A detailed quantitative measurement of surface dynamics during
thin film growth is a major experimental challenge. Recently we have used X-ray
Photon Correlation Spectroscopy with coherent hard X-rays in a Grazing-Incidence
Small-Angle X-ray Scattering (i.e. Co-GISAXS) geometry as a new tool to investigate
nanoscale surface dynamics during sputter deposition of a-Si and a-WSiz thin films.
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Figure 1: Schematic of Co-GISAXS experiment examining growth dynamics during sputter
deposition of Si and WSi». Inset at top right shows that the measured correlation times tau
are a power law in wavenumber g with an exponent independent of deposition rate.

For both films, kinetic roughening during surface growth reaches a dynamic steady

state at late times in which the intensity autocorrelation function gz(g,#) becomes
stationary. For the most surface-sensitive experimental conditions, the g2(g,#) functions
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exhibit compressed exponential behavior at all wavenumbers studied. The overall
dynamics are complex, but the structure factor and correlation time exhibit power law
behaviors consistent with dynamical scaling [2]. Simulations were performed to better
compare the observed kinetics with predictions of linear and nonlinear growth models.
In contrast to the simple compressed exponential relaxation of g2(g,#) observed under
surface-sensitive experimental conditions, more complex behavior is seen under
conditions in which the X-ray signal comes from both the growth surface and the thin
film bulk. In this case, oscillations in temporal correlations arise from coherent
interference between scattering from stationary bulk features and from the ad-vancing
surface. We observe evidence that elongated bulk features propagate upward at the
same velocity as the surface [3].

This work was supported by the U.S. Department of Energy (DOE) Office of Science,
Office of Basic Energy Sciences (BES) under DE-FG02-03ER46037 (BU) and DE-
FG02-07ER46380 (UVM).
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Advanced x-ray nanobeam diffraction methods provide unique insight into the
structure of the interfaces of emerging electronic materials. In materials for quantum
devices, the confinement of electrons occurs at long lengthscales of hundreds of
nanometers and can be affected by structural affects that are only beginning to be
understood.

Pd M-edge x-ray fluorescence .
(a) microscopy intensity (counts/sec) 0.1
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Figure 1: (a) Electrodes and x-ray diffraction pattern of a quantum dot defined by Pd
electrodes deposited on a Si/SiGe heterostructure containing a Si quantum well. (b) Image
and quantum well tilt in the region of a single electron. The tilt induces a strain that perturbs
the confinement energy in the quantum well. After ref. [1].

168



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

At these scales, interfacial features include atomic steps, distortion and rotation due to
relaxation during epitaxial growth, and stress induced by interfaces with electrodes and
other device components. Synchrotron x-ray nanobeams allow these features electronic
materials interfaces to be characterized, in both the heterostructures from which the
devices are formed and in fully formed and patterned devices.

Key features of the interfaces of a Si quantum well within a Si/SiGe heterostructure are
shown Figure 1. The device structure shown in Fig. 1(a) consists of a quantum dot
defined by voltage gates formed from a patterned Pd thin film [1]. By analyzing the
coherent diffraction patterns, as in Fig. 1(a), the bending and interface structure within
the quantum well can be imaged, as for an isolated single electrode in Fig. 1(b). Our
analysis includes the simulation of the complex nanobeam diffraction patterns created
with the highly convergent x-ray focusing optics [2]. A key result of such simulation
methods is that the transverse coherence of the focused beam results in the imprinting
of structural information onto the scattered beam at angular resolutions much smaller
than the total angular divergence of the focused beam.

Further applications of this approach include to other structural phenomena (including
facet angles and reconstructions, e.g. in graphene/Ge [3]) and at interfaces in electronic
materials such as compressively strained multiferroic BiFeOj; that can be dynamically
transformed between structural phases.
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Functional materials like high temperature superconductors (HTS) and complex oxides
are characterized by an intrinsic complexity. Indeed, they show the coexistence of
multiple striped-orders like Charge-Density-Wave (CDW), Spin-Density-Wave (SDW)
and defects that get organized in different striped nano-domains and exhibit a strong
dynamic competition [1]. The study of the interplay among these multiple orders is
challenging because their critical dynamics are strongly connected to the emerging of
functional properties at the macroscopic scale. The first step to understand the
competition between these multiple striped orders is the investigation of their spatial-
organization. On this purpose we developed a set of innovative techniques like
scanning micro X-ray diffraction (uXRD) and resonant scanning micro X-ray
diffraction (RuXRD) to directly visualize the spatial-organization of the SDW, CDW
and defects orders. We evidenced a common nanoscale phase separation scenario,
characterized by the coexistence of competing scale-free networks of self-organized
nano-domains promoting superconductivity [2-9]. Recently we discovered that the
CDW stripes get self-organized in nano-domains defining a complex non-euclidean
space available for the superconducting phase (Fig. 1) [10]. This open the way for
completely new percolation theories for the interpretation of the microscopic
mechanism of high temperature superconductivity.

CDW

defects
atomic stripes

Figure 1: Spatial anti-correlation between CDW and defects domains [10].
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As required by many different and extremely demanding applications, continuous
efforts have been made in the last years to characterize and improve performances of
metallic Transition Metal (TM) films and coatings. Indeed, morphology, structure and
electronic properties of TMs films are very important in different technologies.
However, these films are multiphase metallic films with not negligible contributions of
several disordered oxide phases with different behaviors.

Among the many TM elements, Mo is a peculiar atom belonging to the Group 6 of the
periodic table. It is characterized by a hot strength and a large creep resistance, has a
Mohs hardness of 5.5, one of the lowest coefficients of thermal expansion and accounts
for one of the highest melting point of any element. Although the solubility of oxygen
in solid Mo is extremely low, the growth of Mo films is strongly affected by the
presence of oxygen atoms and a complex phase diagram exist for the Mo—O system.
With many phases corresponding to oxide compounds with both transparent and
insulating phases, e.g., MoO3, or metallic phases such as MoO, [1], molybdenum films
and coatings are multiphase systems of high-interest for both fundamental and
technological applications. Multiphase Mo films exhibit a resistivity less than one
order of magnitude higher than the Mo bulk, actually comparable with MoOy films.

All these films are characterized by percolative conductivity phenomena and make
them extremely interesting to fabricate hard metallic coatings. However, different
chemical and structural factors may affect their properties and, in particular, the work
function. With the present day growing technology, it is actually difficult to control the
properties of these films and also the work function. In order to tune TM oxides for
specific applications, it is then mandatory to understand how chemical and structural
factors affect their electronic properties. Recently, it has been demonstrated that, as a
consequence of the relationship between defects and work function, many TM oxides
tend to have decreased work functions near a metal/metal-oxide interface, a behavior
useful to tune the work function according to applications [2].
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Figure 1: Comparison between two XANES spectra collected at the Mo K-edge of different
thick films grown on copper. The lower curve is the difference of the two normalized
spectra enhanced by a factor 5.

The interplay of nano- and micrometer-scale factors is typically at the origin of the
properties and the macroscopic behavior of the TM systems such as Mo oxides, so that
the capability to probe morphology and phase distribution of these complex systems at
multiple length scale is mandatory. [3] Being a fast and local probe of a selected atom,
X-ray Absorption Near Edge Spectroscopy (XANES) is a powerful technique suited to
investigate the distribution of multi-scale/multi-phase highly correlated systems down
to the micrometer scale and below using small spots. In the attempt to optimize Mo
films to design and manufacture advanced high frequency accelerating structures
characterized by performances well beyond those of the present copper based devices,
[4] here we will present and discuss XANES data of Mo films of different thickness
and discuss these results with transport properties measured on the same films. [5]
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The significant growth of the Si photovoltaic industry has been so far limited due to the
high cost of the Si photovoltaic system. In this regard, the most expensive factors are
the intrinsic cost of silicon material and the Si solar cell fabrication processes.
Conventional Si solar cells take advantage of p-n junctions for an efficient extraction
of light-generated charge carriers. However, the p-n junction is normally formed
through expensive processes requiring very high temperature (~1000°C). Therefore,
several systems are currently under study to form heterojunctions at low temperatures.
Among them, carbon nanotube (CNT)/Si hybrid solar cells are very promising, with
power conversion efficiency (PCE) up to 17% for single wall carbon nanotubes
(SWCNT) [1] and 10% for multiwall carbon nanotubes (MWCNT) [2]. In these cells,
the p-type Si layer is replaced by a semitransparent CNT film deposited at room
temperature on the n-doped Si wafer, thus giving rise to an overall reduction of the
total Si thickness and to the fabrication of a device with cheaper methods at low
temperatures. In particular, the CNT film coating the Si wafer acts as a conductive
electrode for charge carrier collection and establishes a built-in voltage for separating
photocarriers. Moreover, due to the CNT film optical semitransparency, most of the
incoming light is absorbed in Si; thus the efficiency of the CNT/Si device is in
principle comparable to that of a conventional Si one. However, one of the primary
obstacles in realizing practical applications are the poor operational life-time of
CNT/Si devices. In this work an overview of our recent PCE records for air-stable
SWCNT and MWCNT/Si solar cells is reported. For these devices the CNT network
on n-Si substrates is deposited by a simple, rapid, reproducible, and inexpensive
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vacuum filtration process at room temperature. Moreover, a detailed discussion of the
main factors at the basis of this device will be given.
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Figure 1: Best MWCNT/Si heterojunction solar cell in dark and light states after chemical
doping by HNOs chemical exposition for 60s.
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Supramolecular chemistry is an interesting pathway to functionalize surfaces for a
number of applications. The relative importance of molecule-molecule vs. molecule-
substrate interaction in the formation of ordered structures of molecules on metal
surfaces has deserved ample attention. Planar aromatic hydrocarbon molecules like
pentacene lack the ability to form hydrogen bonds. Despite this fact, it has been proved
that pentacene molecules interact with each other to form well-ordered structures on
noble metal surfaces, and notable on (110)-oriented surfaces of Cu, Ag and Au. The
complex behavior observed has been explained considering the different interactions
present, and more exotic models [1-5].

We investigate whether the process of pentacene and tetracene self-assembly on
Cu(110) and Ag(110) depends on the shape of the molecule and its detailed atomic
structure, or whether it can be forced by the morphology and/or the electronic structure
of the substrate. Angle-resolved photoemission with synchrotron radiation, scanning
tunneling microscopy, and low-energy electron diffraction are combined with
theoretical calculations in the DFT approximation to provide us with a complete data
set on the behavior of pentacene and tetracene molecules in the low to intermediate
coverage range.

We have observed that pentacene tends to form 1D wires running along the [1-10]
direction even for very low coverages. Increasing the coverage results in different
ordered arrays of molecular rows evenly spaced, and finally in a compact layer. The
adsorption process modifies dramatically the Shockley surface state, which resides at
the surface Y point on the clean (110) surfaces of Cu and Ag.

Additional modifications of the surface electronic structure are detected along the
surface I'X direction. From STM, angle resolved photoemission and theoretical
calculations we discuss the role of the surface electrons in the molecule-molecule
interaction, and the way they affect the self-assembling process
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Nonlinear response on solids by intense THz wave
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Terahertz wave or far infrared light is on the boundary of radiowave and light in the
energy scale of electromagnetic wave. It behaves as a high frequency radiowave and
also a low energy photon. It consists of hundreds of fs or a few ps cycles of an
electromagnetic field alternation in view of electromagnetic wave, and also is a several
meV photon which is comparable to the energy scales of Drude response, phonon
absorption in solids, and vibration and/or rotation in molecules.
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Figure 1: Nonlinear transmittance of Si.

Thus, the intense THz wave, i.e. the bright FIR light may cause novel final states on
materials that must be quite different from those derived from high energy photons
such as VIS, UV, and x-ray. THz free electron laser (FEL) has been developed at The
Institute of Science and Industrial Research (ISIR) in Osaka University.[1] The
wavelength can be controlled from 150 to 25 pm (2 to 12 THz). It consists of 5 Hz
repeated macro pulses that include a micro pulse structure. The micro pulse length will
be less than 20 ps
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In this work nonlinear behaviors on typical semiconductors were derived by the
monochromatic pulse THz FEL irradiation. The THz light was focused into 46~140
um at the wavelength of 70 um. The estimated electric field gradient was above 3
MV/cm. The z-scan method was employed for determining nonlinearity on samples.
The change of transmittance was measured with changing the sample position along
the optical axis, i.e. z axis. The FEL beam size at focal point was measured using knife
edge. The beam profile was also observed at an off focal point using the THz viewer. It
was resulted in a simple concentric distribution. Finally thresholds of nonlinearity was
estimated with changing the intensity of THz FEL. Figure 1 shows the experimental
results of z scanning and transmittance change of Si. The transmittance was suddenly
decayed above the threshold of 0.6 MV/cm. The similar nonlinearities were observed
for other semiconductors. Some of them were also accompanied by luminescence on
the surfaces. The possible scenario is that the high electric field accelerates electrons
during the half cycle of THz frequency, and the obtained kinetic energy is transformed
to the potential energy. [2] The kinetic excitation of electrons should involve an impact
ionization process which links to the decay process. We will touch the results of other
samples in the presentation.
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Absorption of a single photon by an atoms, a molecules or a nanoparticle induces a
complicated dynamics which may lead to the correlated emission of electrons by true
many-body interactions [1-4] or to molecular breakup resulting in complex
fragmentation patterns [5-7]. The photon-ion merged-beams techniqueis a sensitive
tool for studying such elementary interactions by merging a beam of ionized atoms,
molecules and mass-selected nanoparticles with a beam of energetic photons from a
synchrotron radiation source (see [1] for a recent introductory review). In my talk I will
present recent results from measurements on fullerene [3-5] and endohedral fullerene
ions [6-9].
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Figure 1: Measured (symbols) and fitted (lines) cross sections for single (left) and double
(right) photoionization of LusN@Cso" [7].

As an example, figure 1 shows measured cross sections for single and double
ionization of LusN@Cso" ions [7]. The single ionization cross section is dominated by
resonant ionization processes while the double ionization cross section, in addition,
exhibits a marked threshold due to the onset of direct K-shell ionization. Several
common resonance features could be identified and their relative contributions to the
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different cross sections were quantified. Further results include the first experimental
study of confinement resonances in charged Xe@Ceo [8,9], a quantum mechanical
interference phenomenon which - due to the high symmetry of this particular
endohedral fullerene - manifests itself by distinct resonance features in the
photoabsorption cross section.
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Realizing nanoelectronic devices based on atomically thin layers as active building
blocks can pave the way to an ultimate scaling of the size features in line with the
miniaturization trends, and can also envision new concepts and paradigms in
nanoelectronics that may upset the current mainstream.'* From both aspects, silicon at
the two dimensional (2D) limit is a target material because of its natural affinity with
the quite ubiquitous Si-based standards in nanotechnology. The recent rise of silicene®
(i.e. the graphene counterpart of silicon illustrated in Fig. 1(a) as a buckled 2D Ilattice)
constitutes a promising breakthrough in this sense which may concomitantly lead to the
exploration of new and exotic physical scenarios such as the realization of 2D
topological insulator. The epitaxy of silicene is here reported from the monolayer to the
multilayer regime of growth on Ag(111)-based substrates.* A representative scanning
tunneling microscopy image of the atomic structure of a silicene monolayer on
Ag(111) is reported in Fig. 1(b). A methodology for the silicene encapsulation,
delamination, and isolation is presented as enabling technology for device integration
as illustrated in the sketch of Fig. 1(c).° Room temperature operation of field effect
transistors incorporating silicene monolayer and multilayer as active channels for the
carrier conduction is demonstrated. An ambipolar transport is presented as the hallmark
of the electrical response from the silicene transistors opposed to other nanoscale
silicon phases.

On the other hand, template engineering is also explored as alternative approach to
create a metal-free platform for the technological implementation of silicene.” As a
representative case, the epitaxy of silicene on MoS, templates is reported and the
electronic band alignment between the two terms described. Silicene-on-MoS; is then
integrated into a heterosheet junction transistor making evidence of an effective
electrical transport at the Si/MoS; interface.

Possible advances in the functionalization of silicene are discussed which pave the way
to multifunctional applications based on the same silicene platform. Finally, an
overview of silicene contemporaries, germanene, stanene, borophene, etc., is discussed
aiming at the exploration of the emerging class of 2D elementary materials and their
potential impact on the nanotechnology framework.
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Figure 1: (a) Hard sphere model of a free-standing silicene sheet; (b) Scanning tunneling
microscopy of a buckled sillicene phase supported by Ag(111); (c) Schematic picture of a
silicene-based field effect transistor where the source and drain contacts are made of native
Ag and the gate electrode consists of a SiO»/Si substrate.
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The Rashba spin splitting [1] in the two-dimensional electron gas systems on
semiconductors is considered to be the key concept for many promising spintronics
applications. To combine Rashba-effect based spintronics with a silicon technology
metallic surface states with a strong spin-orbit coupling on a silicon surface [2] are
demanded. Unfortunately, the most of the metal/silicon systems with spin-split surface
state  bands (e.g., Bi/Si(111)V3xV3, TISi(111)Ix1, Sb/Si(111)V3xV3 and
Pt/Si(110)“6”x5) are semiconducting. The only known exceptions are the
TI/Si(111)1x1 modified by adsorption of additional TI [4]) and Aw/Si(111)V3x+3
modified by adsorption of In, Tl, Cs or Na [3]). It is worth noting that in both cases
adsorbates do not alter the basic atomic arrangement of the pristine surface and their
effect resides just in eliminating or generating surface defects (as in Au/Si(111) and
T1/Si(111), respectively) and doping electrons to the available surface-state bands. In
the present study, we propose a strategy for tailoring the spin-split metallic surface
states. The main concept resides in taking the surfaces with spin-split non-metallic
surface-state bands and by alloying them with suitable metals to obtain dense
reconstructions with spin-split metallic bands. Validity of the approach is demonstrated
with Bi/Si(111)V3xV3 alloyed with Na and TI/Si(111)1x1 alloyed with Pb [5].

Recently we succeeded in the formation of a number of 2D alloys and compounds on
the Si(111) surface with metallic spin split states: (i) sandwichlike structure made of
one monolayer of Tl and one monolayer of Sn on Si(111) [6], (ii) TlxBi;-x compound
which represents a quasi-periodic tiling structures that are built by a set of tiling
elements as building blocks [7] and (iii) Si(111)2x2-(Au,Al) with unusual spin texture
[8]. We demonstrated that one atom layer Si(111)V3xV3-TLPb exhibits a giant Rashba-
type spin splitting of metallic surface-state bands together with two-dimensional (2D)
superconducting transport properties [9].
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Two-dimensional (2D) materials attract major interest in both basic and applied
research due to their unique structural and electronic properties. On special focus are
those 2D materials which do not exist in nature'l. Here, we will show the structural
and electronic properties, using synchrotron-radiation-based photoemission, scanning
tunneling microscopy imaging and surface electron diffraction techniques, from a
single layer to few layer germanene, these layers we create artificially by dry epitaxy
on a gold template!.

In fact, until now germanene have been experimentally successfully synthesized
recently on several metal substrates; Pt(111)PF Au(111)? and Al(111)". For
germanene are expected many behaviors, such as the tunable band-gap by electric-field
and much stronger spin—orbit interaction, displaying great potential in electronic and
spintronic applications™™. However, germanene shares a problem with silicene: one
cannot utilize germanene’s ultimate properties unless suitable substrates are found for
germanene. Currently, ML germanene as mentioned can only be synthesized on metal
surfaces, until now only in the case of Au(111) we show that few layer germanene
posseses Dirac cones thanks to a reduced interaction, but electronic devices such as
FETs require substrates with a large band-gap for this reason we will compare the
results using different substrates and hopefully this will end up with the fabrication of
the ﬁrst[ﬁ]germanene field-effect transistor (FET) in the near future as already exist on
silicene™.
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Black phosphor (BP) is a promising material for electronics due to its non-zero band
gap and good ambipolar carrier mobility [1]. One important issue for applications is the
property of metal-BP contact and how it modifies the band gap of BP. BP subjected to
ambient exposure is often p-doped and a high work function metal, such as platinum, is
then a preferred choice of contact material.

Figure 1: An atomic view of intercalated Pt on black phosphor surface.

We studied the initial stage of Pt deposition on in-situ vacuum-cleaved BP surface at
either 300 K or 78 K with scanning tunneling microscopy. In both cases, Pt atoms do
not stay atop the BP surface. Instead, peanut-like protrusions with overlayed BP atomic
lattice was observed, as shown in figure 1. We interpreted this as Pt atoms intercalating
into the van der Waals gap between the first and second BP layers. Ab-initio
calculations indicate significant energy gain of intercalated Pt versus non-intercalated
Pt, with >1 eV gain per Pt atom. Molecular dynamics simulations also reveal
significant BP deformation upon Pt adsorption — which is expected to lead to possible
paths of intercalation. For pristine in-situ vacuum-cleaved BP surface, we found a band
gap value of ~0.3-0.4 eV close to the band gap value of bulk BP. This is in contrast to a
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recent report claming a bulk BP surface has a ~2 eV band gap of a single BP layer [2].
Increased strain applied to BP surface also induces significant reduction of BP’s band
gap value and eventually leads to metallic behavior. In contrast to a BP surface cleaved
in air showing strongly p-doped character, in-situ vacuum-cleaved BP is nearly
intrinsic. The band gap of BP appears to increase by ~0.2 eV near the Pt-intercalation
sites and is consistent with theoretical calculations. Our results show that BP-metal
interaction can be unexpectedly strong and can have significant effect on BP band gap.
Finally, Au adsorption on BP will be compared with the Pt case.
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A single layer of Si atoms ordered in a two-dimensional honeycomb structure has been
attracting increasing scientific and technological interest in view of the exploration of
its electronic properties. This new material, called silicene, is difficult to realize as a
free standing layer. Therefore an appropriate substrate has to be chosen. Studies show
that silicen can be obtained on the Ag(110) and Ag(111) surfaces [1-3], on ZrB2 [4],
Ir(111) [5]. Since silicene cannot be prepared by exfoliation, interaction between
silicene and the substrate has to considered. Consequently, the electronic structure of
the silicene can be modified dramatically by changing the substrate. This effect,
although inevitable, may be employed to tune the electronic structure of this material
[6,7]. We provide first experimental results on one monolayer of Si on the
Si(111)V3x\3-Pb surface. We use Low Temperature-Scaning Tunneling Microscopy
and Spectroscopy (LT-STM/STS) to characterize structural and electronic properties of
the system at liquid helium temperatures. Our STM/STS investigations reveal, that Si
deposited onto V3xV3-Pb surface forms small nanoflakes which may be identified as
silicene. This work has been supported by the National Science Centre (Poland) under
Grant No. DEC-2014/15/B/ST5/04244.
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Electronic Properties of Nanoribbons: Graphenen and Silicene
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Nanoribbons made of graphene and other group IV materials have recently attracted
great attention because of their unique properties. In particular, graphene nanoribbons
(GNRs) have been studied in many groups, and it has been theoretically predicted that
the quantum-confined structure forms a bandgap in armchair GNRs (A-GNRs) while
edge state is localized at the zigzag edge. [1,2]
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Figure 1:

(a) Three-dimensional STM image of HOPG surface after crystallographic etching (Vs = 1.0
V, I; = 80 pA). GNRs are unintentionally found as shown by the white arrow. The scale
of the image is 1 x 1 um?.

(b) Experimentally estimated energy gaps as a function of width of A-GNRs. The blue,
green, red, and black plots were obtained on monolayer, bilayer, trilayer, and four-layer
GNRs, respectively. The solid line shows the inverse proportional fitting of the data,
while the dotted line shows the theoretical result obtained by tight-binding calculation.

Experimental reports on GNRs has recently been increasing. However, there are still
few reports on the electronic properties of GNRs systematically examined with
changing widths and layer numbers. In this study, GNRs with various widths and layer

192



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

numbers are formed on a highly oriented pyrolytic graphite (HOPG) surface by
crystallographic etching method,[3] and their local density of states (LDOS) is
systematically evaluated by scanning tunneling spectroscopy (STS) in ultrahigh
vacuum chamber at 78K.[4] We confirmed that the energy gap of the LDOS depression
monotonically decreases with increasing GNR width, whereas there is no apparent
dependence on the layer numbers (Fig. 1). From the quantitative scaling of energy gaps
of LDOS depression with respect to GNR widths, the relation between the two is
obtained as Egqp = 1.9 [eVnm]/W.

We also examined the LDOS of silicene nanoribbons (SiNRs). Silicene is a two-
dimensional (2D) honeycomb structure formed by Si atoms. According to theoretical
studies, silicene has cone-like band dispersion at Dirac point, similarly to graphene,
and has superior characteristics not found in graphene such as tunable band gap by
electric fields.[5] Though many studies are recently reported on silicene formation,
[6,7] the first silicene experimentally reported is not a 2D silicene but a one
dimensional (1D) silicene nanoribbon (SiNR) which is formed on Ag(110).[8,9] It was
revealed by angle-resolved photoemission spectroscopy that linear electronic band
dispersion were formed in the densely-arranged SiNRs along the direction of their
longitudinal axis, which was the first evidence of Dirac fermion in silicene.[8,9]
However, it has not been much reported for the local electronic density of states (DOS)
of individual SiNRs [10], and the origin of the linear electronic band dispersion in 1D
system is still not clear. In this study, we present local distribution of the DOS on the
SiNRs array formed on Ag (110) by differential conductance (dI/dV) mapping, and
suggest the origin of their linear electronic band dispersion.

This work was supported by JSPS KAKENHI Grant Number 26286052.
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Graphene nanoribbons (GNRs) attract considerable interest due to their width-tunable
electronic band gap. However, precise band gap engineering is only maintained by
controlling width and edge topology with atomic precision.

This ultimate structural precision has so far only been achieved using a bottom-up
fabrication approach where GNRs are synthesized by surface-assisted colligation and
subsequent cyclodehydrogenation of specifically designed precursor monomers [1,2].
The main drawback of this strategy is the need for the metal substrate as a reaction
catalyst.
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Figure 1: Schematic of in-situ Si intercalation approach with the STS spectra of 7-AGNR on
corresponding substrate
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Therefore the electronic properties of GNRs are strongly dominated by the screening
effect and the surface state, which are intimately linked to preferred metallic growth
substrate such as Au(111) [2,3]. One approach to access the GNRs’ electronic
properties is to intercalate an ultra-thin dielectric layer in-situ which allows for an
atomically clean interface.

We have successfully intercalated Si in-situ into the 7, 9, 14, 18 and 21- armchair
GNRs (AGNRs)/Au(111) interface and resolved GNRs’ frontier states by suppressing
the Au(111) surface state, which allows us to unambiguously determine the band gap
of armchair GNRs and to test their width-dependent magnitude with available
theoretical predictions.

Furthermore, we performed MgO intercalation at the 7-AGNR/Au(111) interface and
tracked the band gap by scanning tunneling spectroscopy [4].

In this talk, we will report our experimental findings and point out the importance of
the in-situ intercalation for GNRs aimed for a clear understanding of their electronic
properties for future electronics.
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Single-walled carbon nanotube (SWNT) is a rolled-up graphene. Since the interaction
between graphene and water molecule is weak, the outer surface of SWNTs is regarded
as hydrophobic surface. However, we have found that stable adsorption layer of water
exist on the outer surface of SWNTs using photoluminescence (PL) spectroscopy,
Raman scattering spectroscopy and molecular dynamics (MD) simulation [1, 2]. PL
spectroscopy elucidates that water exhibits adsorption and desorption phenomena at
transition pressure and the transition pressure depends on temperature of SWNT and
water vapor. On the other hand, MD simulation shows that the water molecules on the
SWNT surface form two-layered structure and most of their hydrogen-bonds are
parallel to SWNT surface. It is interesting to understand the collective behavior of
water molecules weakly trapped with SWNT surface, which have nano-scale curvature.
In this study, we investigated the adsorption phenomena of water molecules by using
PL imaging spectroscopy and discussed the dynamics of water adsorption.

PL imaging spectroscopy were performed to SWNTs suspended between a pair of
silica pillars. SWNTs were synthesized on the basis of alcohol catalytic chemical vapor
deposition (ACCVD) method [3]. Because the SWNTs were grown from metal nano-
particles and the metal particles were deposited on only pillar top area, SWNTs grew
from the pillar top and suspended SWNTs were effectively obtained. A Ti:sapphire
laser was used for excitation and PL images were measured by a 2D allayed detector
through a tunable band-pass filter.

Figure 1(A) shows SEM image of suspended SWNT. It shows that SWNTs are grown
from only pillar tops and one of them are suspended. When suspended SWNTs have
semiconducting property and are isolated, they emit PL signal. PL images were
measured from suspended SWNTs in different water vapor pressure at room
temperature. Figure 1(B) shows PL image of semiconducting SWNT. While PL
emission wavelength was approximately 1290 nm at higher pressure, it was 1250 nm at
lower pressure. In the case of higher and lower pressure, the emission wavelength was
uniform along the tube axis. On the other hand, at intermediate pressure, the PL
emission wavelength showed spatial distribution, as shown in Fig. 1(B). Water
molecules did not adsorb at the center part, while they adsorbed at the edges. We will
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discuss the adsorption and desorption dynamics on SWNT surface on the basis of the
experimental results.
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Figure 1: (A) SEM image and (B) PL image of suspended SWNT. The PL image was
measured in water vapor (1.5 Torr).
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In this paper, we report a totally novel spin-structure found on a surface with Cip
symmetry by spin- and angle-resolved photoelectron spectroscopy, and first-principles
theoretical calculation. The spin-polarized band originates from the Rashba-Bychkov
(RB) effect [1] and the constant energy contour of the upper RB split band has a
warped elliptical shape centered at a £ point without time-reversal symmetry. The spin-
polarization vector of this state is in-plane, and points almost the same direction along
the whole elliptic contour. This novel non-vortical RB spin structure is confirmed as a
general phenomenon originating from the C;, symmetry.

RB effect is an exotic low-dimensional solid-state property that produces a spin-
polarized two-dimensional electron gas from a combined effect of spin-orbit coupling
and structural inversion asymmetry even for nonmagnetic materials. In an ideal two-
dimensional system, the constant energy contour shows isotropic vortical spin
structures around the I' point, with the spin orientation locked in-plane and
perpendicular to the electron momentum. In real surface, however, the RB effect is
known to show variety of spin structures depending on the symmetry of the & point of
the surface Brillouin zone (SBZ) [2,3], i.e., a k point with C; symmetry shows spins
with polarization vector perpendicular to the surface [3-5]. The focus of this work is to
investigate the RB spin of a surface that has a Ci, symmetry, which holds the potential
to yield a novel spin structure that should be insensitive to back scattering.

The constant energy contour of the upper RB branch of the Si(110)-(1x1) surface,
which is formed by the adsorption of one monolayer of Thallium and has a Cp
symmetry, is shown in Fig. 1. This constant energy contour is totally different from
those of ordinary RB effect that show two concentric circles with their center at the I’
point. This difference comes from the lack of rotational symmetry of this surface. In
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this paper, we will also discuss the origin of this peculiar locked-spin structure based
on the symmetry of the surface.
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Figure 1: Constant energy contour at Eg=100 meV with superimposed spin orientation
obtained by spin-and angle resolved photoelectron spectroscopy.
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Localized surface plasmons can concentrate optical waves into regions that are much
smaller than their wavelengths and can also greatly enhance their local electric fields at
surface plasmon excitation energies. These have opened a field called plasmonics [1]
and a new field called graphene plasmonics has recently developed, where the plasmon
energies can be varied over a wide range by gating graphene sheets [2].

Many theoretical studies of the localized plasmons in metal nanostructures have been
reported until now [3]. We have also reported a theory of localized plasmons for metal
nanostructures in the random phase approximation (RPA) [4] and have recently
developed it to consider the retardation of the electromagnetic potentials [5, 6].

In this presentation, we report theories of localized plasmons for two dimensional (2D)
and three dimensional (3D) materials and their applications to the metal nanostructures.
Neglecting the retardation of the scalar potentials, an effective scalar potential

®, (l‘, 60) and an external scalar potential @, (1', 60) satisfy the following equation

in the RPA at high-frequency condition (palsmon frequency region) [5]:

2
1
9 (r.o)=0, (r,a))+me—a)2_|.dr1 n(r)Vv, H.Vlgp‘?ﬁ.(rl,a)), (1)

e

where m, is the electron mass, l’l(l'l) is the local electron density which is expressed

by n(rl) = Zn n, (l'l —Rn) for multiple metal nanostructures and R, is the position of

the each nanostructure.

Considering a case of periodic metal nanospheres where the electron density is
assumed to have a step function shape at the each nanosphere surface (=4 ), the
following determinant is derived to calculate the dispersion relation for the surface
plasmon using the Bloch’s theorem:
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where @), is the bulk plasmon frequency, K is the wave number vector of the surface

plasmon, }fm(l’) is the normalized spherical harmonics and Q, is the solid angle for r .

When the nanospheres are aligned on the z axis with equal spacing R, Eq. (2) gives the
following dispersion relation of the surface plasmon frequency in the dipole
approximation (/=/'=1,m=m'=0):

o, (k) =%\/1—(a/R)2 [(sz—zr)z —7#/3}, (4)

where k_ is the z-component of K. Figure 1 shows the dispersion relations calculated

by changing the a/R ratio, indicating that the surface plasmon frequency can be
widely tuned by changing the ratio.

An equation for the effective scalar potential of 2D materials can be derived by
assuming that n(l'l) znw(Xl) 5(21) (5(21) is the delta function) in Eq. (1):

1

—.V (X .
X1| X,(Deﬁ( 1>a)) )

2
9, (X 0)=0,, (X, cz))que—afJ.dXl 1y (X)) Vy, x-

Using Eq. (5), the planar plasmon (a)p,(k)) in a uniform 2D layer and the edge

plasmon (@ " ) in a nanodisk with radius of , are given by

2
2re"n,, k

o, (k)= [ 2 on = J% [Pdss[ 7, (s) = (5)] 1, (5) » (6)

m

e

where n, , is the constant 2D electron density and Jm(S) is the Bessel function.

We also compare the above results with those calculated for the plasmons in a single
layer graphene where the electrons satisfy the 2D Weyl equation.
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Figure 1: Dispersion relation of the surface plasmon for periodic metal nanospheres
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We report on first measurements of circular dichroism in photoemission from non-
magnetic samples using a k-microscope in the soft X-ray range. Starting from
pioneering work for magnetic materials by Schiitz et al. [1] and others, X-ray magnetic
circular dichroism (XMCD) has developed into very versatile tool in the field of
magnetism. The generalization for non-magnetic systems and angular-resolved
observation was termed circular (or linear) dichroism in the angular distribution CDAD
(LDAD) [2,3]. The novel technique of time-of-flight k-microscopy [4] is ideal for the
study of CDAD and LDAD, since the complete Brillouin zone (BZ) is observed
simultaneously.

Circular dichroism in photoelectron diffraction from W(110) and Ir(111) was studied
at beamline 11011 at MAX II, Lund, Sweden. Pronounced dichroism is present in the
4f core-level diffraction patterns. CDAD maps vary strongly with photon energy
between hy = 300 and 1000 eV. Using the same technique, dichroism in valence-band
photoemission was performed at beamline P04 of PETRA III, Hamburg, Germany,
using circularly-polarized photons in the energy range up to 1300 eV. The CDAD
asymmetry of the valence bands shows a rich structure as function of k-vector and
photon energy and reaches up to 80%. Theoretical calculations using the one-step
model in its density matrix representation reproduce the essential CDAD features;
deviations occur with respect to relative intensities of surface states and resonances.
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AT

Figure 1: Momentum-distribution patterns (a-c) and CDAD patterns (d-f and g-i, on grey
and false-color scale) of W(110) at Er. k-space cuts run through the N-point of the 4%, 5t
and 8" repeated BZ of the extended zone scheme (hv given on top). (j) Cut at Er and k,
midway I'-N, (k) corresponding Eg vs ky cut. (I) Chiral setting of helicity vector g, sample
orientation n and photoelectron momentum k, being a precondition for CDAD=0 (scheme
from [3]).

Fig. 1 shows intensity (a-c) and circular dichroism patterns (d-i) of the valence bands
of tungsten at the Fermi energy for photon energies of 357, 574 and 1200eV,
corresponding to k-space cuts through the N-point of different repeated BZs. The
transfer of photon momentum Ak, is visible as a rigid shift of the momentum slice in
the direction of the photon beam. Although the intensity patterns are very similar
(except for the rigid shift), the dichroism maps are markedly different. This reflects the
fact that CDAD depends on matrix elements and relative phases of partial waves,
which are functions of photon energy. The k-microscope records the full 4D data array
[5], here Acpup(Es kxkyk:). Cuts can be made (offline after the experiment) in any
plane; Fig.1 (top right) show sections about midway the I'-N line, where we see the
constant k,-cut (j) and binding-energy dependence (k) of the CDAD for the hole
pockets at the N-points (ovals).

A necessary precondition for the occurrence of CDAD is an electronic alignment or
orientation and a handedness in the photoemission geometry as sketched in Fig.1 (1) for
the simple case of a diatomic molecule. In solid-state photoemission this condition
causes characteristic nodes in mirror planes.

Projects funded by BMBF (05K13UM2,05K13GU3).
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Currently information technology is rapidly penetrating all spheres of our life. Extreme
downsizing and the simultaneous increase in productivity require the search for new
materials with uncommon properties. Since recent years the research activity has
tendency to focus on investigation of advanced materials based on low dimensional
systems, which includes in particular hybrid organic-inorganic systems composed of
inorganic nanoparticles embedded in an organic semiconductor thin film matrix [1].
The aim of this work was to study hybrid systems consisting of metal nanoparticles
(gold, silver and aluminum) embedded in the organic semiconductor CuPcFy, i.e.
creation of model of nanocomposite materials and study of their fundamental
characteristics [2-6]. The relevance of the work is determined by the need to identify
key physical parameters (morphology and electronic properties) for each pair of
materials.

Evolution of morphology of hybrid nanocomposite films, depending on the nominal
coating was studied by high-resolution transmission electron microscopy (HR-TEM).
An analysis of electron microscopic photographs showed that after the metal
deposition in ultrahigh vacuum on the surface of the organic semiconductor takes place
a process of self-organizing of deposited atoms, which are likely due to the surface and
bulk diffusion and join together to form nanoparticles. By HR-TEM the images of
metal nanoparticles with direct resolving of atomic planes were obtained. For some
coatings the coalescence processes of nanoparticles depending on the initial mutual
orientation of the nanoparticles was observed.

The electronic structure and alignment of the energy levels at the interfaces formed
between the metal nanoparticles and an organic semiconductor, and chemical reaction
at these interfaces were studied at room temperature by high-resolution photoelectron
spectroscopy (HR-PES) using synchrotron radiation. Part of the research was carried
out on a new dynamic X-ray photoemission (Fast-XPS) station, which is intended for
research of advanced materials in in-situ mode in real time (data acquisition about 0.1
sec/spectrum), built in the P04 beamline of synchrotron PETRA III (DESY, Hamburg).
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This cycle of investigations with observation of some new phenomena may lead to
opening up opportunities for a range of new applications.

() (b)

Figure 1: Microstructure of nanocomposite thin films consisted of silver nano-particles
embedded in CuPc matrix (HR-TEM) with nominal Ag deposition 5.7 nm. Magnifications are
indicated by insert marks (a,b).
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Submolecular imaging using frequency-modulation (FM) atomic force microscopy
(AFM) has recently been established as a stunning technique to reveal the chemical
structure of unknown molecules, to characterize intra-molecular charge distributions,
and to observe chemical transformations. So far, most of these feats were achieved on
planar molecules using the so-called qPlus sensor, a specially designed quartz AFM
sensor. The KolibriSensor, another type of quartz AFM sensor, is also expected to be
capable of high-resolution imaging, but only very few experimental results have been
reported to date.

Figure 1: Intramolecular resolution AFM images of (a) mezo-Dibenzoporphycene on
Cu(100) with a KolibriSensor, (b) Cs and (c) pentacene on TiO»(101) with Si cantilevers.

Here, we present submolecular resolution images and spectroscopic data on single
molecules of a porphycene derivative [1] using small oscillation amplitudes with
KolibriSensors (Figure la). Force volume measurements with CO-functionalized
probes [2] revealed features related to the isomers of porphycene molecules.

We also report a novel imaging method to achieve submolecular resolution on three-

dimensional molecules (Figure 1b) and structures using a silicon (Si) cantilever-based
AFM operated with large oscillation amplitudes. At variance with previous
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implementations, this method allowed us to simultaneously image both intra-molecular
structures and the atomic arrangement of the substrate (Figure 1c) [3]. Force volume
measurements over Ceo molecules clarified the validity of our method to achieve
submolecular resolution [3].

Based on these results, a comparison between AFM operations with above two sensors
will be discussed.
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Water wettability of graphitic surfaces is of great interest for fundamental
understanding of graphene surfaces and for practical applications of graphene-based
materials. While graphite has been considered as a typical hydrophobic material, recent
experiments of contact angle measurement of clean graphene surfaces have called into
question the hydrophobicity of pristine graphene [1]. A wetting property of a surface is
closely related to adhesion energy of water on the surface. It is known that surface
modification or heteroatom doping alters the electronic property of graphene, leading
to potential alteration of the adhesion energy [2]. However, wettability and water
adsorption of heteroatom-doped graphene have not been discussed so far.

We examined water adsorption of nitrogen-doped or boron-doped graphene surfaces by
use of first-principles calculations within the density functional theory. To introduce
the van der Waals interactions between a water molecule and doped graphene, we
carried out vdW-DF2 calculations [3]. Nitrogen or boron atoms were doped at
graphitic sites of a single layer of graphene in such a way that the distance between
dopants were large enough so as to make the interactions between the dopants
negligible.

In order to evaluate the interaction between water and doped graphene, we have
calculated the adhesion energy. Figure 1 shows the adhesion energy for doped
graphene as a function of the distance between a water molecule and graphene. The
adhesion energy for N-doped (B-doped) graphene is larger (smaller) than that for
pristine graphene. These observations can be explained by a simple electrostatic model:
The doped nitrogen atom is positively charged and neighboring carbon atoms are
negatively charged due to delocalization of an electron of graphitic nitrogen and vice
versa for boron doping. The water adhesion energy of the doped graphene can be
described by, in addition to the van der Waals forces, the electrostatic interactions
between charged dopants and polarized water. The water wettability of the doped
graphene is examined by means of molecular dynamics simulations. In the
presentation, we will discuss the effect of charged dopants on the double layer structure
which is found to play a key role in the wettability of pristine graphene surfaces [4].
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Figure 1 Adhesion energy for pristine, nitrogen-doped, and boron-doped graphene. Inset
indicates the adhesion configuration.
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It is well-known that gold nano particle can be used as powerful catalysis. There are
some DFT calculations of Au nano particles on CeO, (110) surface [1], ZrO; (111)
surface [2] and alpha-Al,O3(0001) surface [3]. For purposes of catalysis, Pt and Ru nano
particles are also good candidate for catalyst on these surfaces. Thus, in this study, we
calculate adsorption of Au, Pt and Ru on these surfaces in order to check that which pair
of adatom and substrate is best for catalysis. The calculation method is the density
functional theory using the program code VASP.[4-7] The calculation result shows us
that CeO, (110) surface is the best surface for all Au, Pt and Ru as catalysis. The binding
energies also suggest us for the formation of nano particle of Au, Pt and Ru.

Top view Side view Top view Side view Top view Side view

Figure 1: Model of DFT calculation for CeO»(110), ZrO»(111) and a-Al,O3(0001) surfaces.
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In this work we use Helium Atom Scattering (HAS) as a sensitive probe of the
crystallinity of graphene (Gr) grown by chemical vapor deposition (CVD) on Cu, and
as a probe of its interactions with its substrate. The high sensitivity of HAS to surface
defects precluded its use with current available Gr/Cu foil samples. Our current results
have been obtained using Gr/Cu(111) grown on sapphire samples and Gr grown on a
peeled-off epitaxial Cu(111) foil using a recently developed scheme. We have
measured the structure and the acoustic phonon modes of CVD graphene grown on
these two samples [1]. The observation of high reflectivities and clear diffraction peaks
demonstrates the presence of high-quality Gr, with both long-range order and a very
low density of defects over a surface area of the order of 1mm?. The shape of elastic
and quasi-elastic scattering features proves that, surprisingly, Gr grown on a peeled-off
epitaxial Cu(111) foil exhibits a much higher crystallinity than the one grown on
Cu(111)/Al,03 samples. The Gr lattice parameter was found to remain constant in the
temperature range between 110-500 K, which proves that Gr is decoupled from the Cu
substrate. A parabolic dispersion phonon branch has been measured along I'M, as
expected for the acoustic ZA mode in free-standing graphene (see Fig. 1). This mode
allows determining the interlayer bonding strength as well as the bending rigidity of Gr
on Cu foil. Finally, the acoustic phonon modes are compared to the ones measured
with HAS in our laboratory for Gr/Ru(0001) [2,3] and Gt/Ni(111) [4,5].
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Figure 1: Experimentally derived surface phonons for Gr/Cu(111)/Al,03 (black dots) and
Gr on Cu(111) foil (red dots) measured along the I'M direction, shown with DFT
calculations for free standing Gr (dashed curves). From [1].
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Graphene made by thermal annealing of the SiC(0001) substrate attracts much
attention becuse it is compatible to the conventional manufactural process of electronic
devices. In the thermal annealing method, the first formed graphene, which is called
“zero layer graphene (ZLG)”, is not an ideal one. Intercalation is an effective technique
to change the ZLG to an ideal one. According to the studies so far, because of the
charge transfer, Dirac point of the graphene usually shifts to the negative direction with
respect to the Fermi energy by the the intercalation of metal atoms. In other words, the
intercalated graphenes with metal atoms are all n-type.

For the purpose to produce electronic devices using graphene, p-type or neutralized
graphene is also desired. In this study, Palladium (Pd) atoms were intercalated under
the ZLG to shift the Dirac point toward positive energy.

A SiC(0001) surface (Si-face) , cut out from an on-axis oriented 4H-SiC(0001) wafer
of Cree, Inc., was used as a substrate in the present study. After an appropriate cleaning
process, the samples were introduced in an ultra-high-vacuum (UHV) chamber which
is equipped with a Low-Energy Electron Diffraction (LEED) and a Scanning
Tunneling Microscopy (STM) (JEOL Ltd. model JSTM-4610). Then the samples were
annealed at some proper temperatures and finally at 1200°C for 15min to induce the
ZLG, which is confirmed by a (6V3x6v3)R30° LEED pattern. The detailed
preparation process of the ZLG is described elsewhere[1]. Then Pd atoms were
deposited on the surface at room temperature. The surface structure is observed by
STM at an each step of experiment. The energy dispersions around the K point were
obtained by angle-resolved photoemission spectroscopy (ARPES) using synchrotron
radiation at beam line BL13 of the SAGA Light Source, which is equipped with a
hemispherical electron-energy analyzer (MB Scientific AB, MBS A-1).

Pd atoms were intercalated between the ZLG and the SiC substrate after the annealing
at 700 °C. A hexagonal lattice of the surface graphene is confirmed by STM (Fig.

1(a)).
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Fig. 1(b) shows a one dimensional structure which is observed in part of Pd-
intercalated graphene surface.

Fig. 1(c) shows the energy dispersion at the K point of the ZLG. A faint dispersion is
due to a small area of the conventional single layer graphene which was formed
incidentally by slight overheating. After the Pd intercalation, an additional dispersion
appeared as shown in fig. 1(d), which is originated from a single layer intercalated
graphene on top of the Pd layer. Its Dirac point is equal to the Fermi energy, i. . 0 eV.
This means no charge transfer between the intercalating Pd atoms and the intercalated
graphene on top of them.
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Figure 1: STM images obtained at room temperature of (a) a graphene lattice and (b) a one
dimensional structure on the surface of a Pd-intercalated graphene. Energy dispersions
around K point of (c) the ZLG slightly covered by the conventional single layer and (d) the
Pd-intercalated single layer graphene measured by ARPES. XPS spectra of (e) Cls, (f) Si2p,
and (g) Pd3d core levels. Black, red, and bule curves of each core level show the spectra of
the ZLG, the Pd deposited surface, and the Pd-intercalated sample.

XPS spectra of Cls, Si2p, and Pd3d core level are shown in Fig. 1(e-g). A single layer
graphene component at 284.5 eV increased after the Pd intercalation in (e), which
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indicates that the ZLG changed to a single layer graphene. A component of the SiC
substrate is confirmed at 283.8 eV on the ZLG in (e). It shifted to 282.6 eV after the Pd
intercalation. In the Si2p spectra, the similar shift of substrate component from 101.6
eV to 100.5 eV was confirmed. This is due to the band bending caused by the charge
transfer from Pd atoms to the SiC substrate. A peak shift of Pd3d spectra was also
confirmed, which is consistent to those of Cls and Si2p. The shape of Pd3d spectrum
unchanged. Thus the Pd atoms remain metallic between the SiC substrate and the
graphene.
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Breaking of the inversion symmetry at the crystal surface in the presence of spin-orbit
coupling leads to the lifting of spin degeneracy of electronic states. The phenomenon is
known as the Rashba effect and it has been predicted in the 80 of the 20th century [1].
The first experimental evidence of the spin-split surface state bands has been reported
for the Au(111) surface [2]. According to the original model the spin-split bands reveal
100 % polarization and the polarization vector is perpendicular to the electron wave
vector and to the surface normal.

Quite different spin texture is expected for one dimensional metallic structures. Au
atomic chains prepared on vicinal silicon surfaces like Si(557)-Au or Si(553)-Au seem
to be a perfect choice for observation of such effect [3]. With the spin-resolved
photoemission spectroscopy technique it has been shown that the spin-split one
dimensional electronic states indeed exist and they have unexpected large out-of-plane
component of the polarization vector [4].

In the present contribution we report on a giant Rashba-type splitting of surface states
induced by Pb on the Si(553) surface. Although the surface is covered with 1.3 ML Pb
the electronic structure reveals one dimensional character. It is due to the unique
arrangement of lead atoms in the form of parallel nanoribbons [5]. The quasi one-
dimensional character of the surface is manifested by the presence of multiple surface
state bands crossing the Fermi level in the direction parallel to the nanoribbons and a
small band gap in the perpendicular direction. These parabolic-like bands are spin
polarized as shown by the spin and angle resolved photoemission experiments. Beside
the in-plane component there is also significant out-of-plane component of the
polarization vector. The splitting of more than 0.2 A and 0.6 eV for the wave vector
and energy, respectively, at the Fermi level at room temperature has been observed. As
revealed by density functional theory calculations the spin-split bands are associated
with the Pb nanoribbons and are due to the spin-orbit interaction. The observed giant
spin splitting of the surface bands and large out-of-plane component of the polarization
vector are associated with the unique arrangement of the Pb atoms in the nanoribbons.
They form strongly distorted and strained hexagonal-like lattice. This causes non
uniform distribution of charge in the plane of the surface and consequently in-plane
component of the potential gradient.
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Katsuyoshi Kobayashi
Department of Physics, Ochanomizu University

Email: kobayashi.katsuyoshi@ocha.ac.jp
Key words: Topological crystalline insulator, Monolayer

Topological crystalline insulator (TCI) is a new concept of topologically non-trivial
matters defined by point group symmetries of crystals [1]. SnTe and IV-VI compounds
are the first materials that have experimentally been identified as TCls. It was
theoretically proposed that SnTe thin films are two-dimensional TCIs [2,3]. But, it
seems not experimentally being confirmed. It was also theoretically proposed that IV-
VI monolayers including SnTe are also 2D TCIs [4,5]. However, it seems also that IV-
VI monolayers have not been materialized. We present a theoretical study on IV-VI
monolayers with alkaline-earth chalcogenide supports. In a previous paper we showed
a theoretical study of IV-VI monolayers with alkali halide supports [6] and following
results are found. First, planar structures of free-standing IV-VI monolayers are not
stable. TCI states are lost by buckling. Second, planar structures of monolayers are
maintained by sandwiching them between alkali halide surfaces, and TCI states are
preserved. One problem in that system is that the interaction between monolayers and
alkali halide surfaces is weaker that between monolayers. It is expected that this
property prevent monolayers from stably existing on surfaces. Therefore we study the
system of IV-VI monolayers on alkaline-earth chalcogenide surfaces in this study.
Since alkaline-earth chalcogenides are divalent ionic crystals, it is expected that the
interaction between monolayers and alkaline-earth chalcogenide surfaces is stronger
than that between monolayers and alkali halide surfaces. We performed density-
functional calculations for various combinations of IV-VI monolayers and alkaline-
earth chalcogenide surfaces, and found that the interaction between them is stronger
that between monolayers and alkali halide surfaces. This result suggests possibility of
realization of IV-VI monolayers on surfaces.
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Ordered layers of organic molecules are usually grown on weakly interacting surfaces,
typically those of metal mono-crystals. An interesting alternative, consistent with
silicon technologies, is represented by silicon surfaces passivated by metal mono-
layers. Such surfaces carry interesting electronic properties, such as Rashba-type spin-
split bands in the case of TI/Si(111)-(1x1) [1] or anisotropic band structure in the case
of In/Si(111)-(4x1) [2]. Due to passivation of surface Si dangling bonds, adsorbants are
mobile [3] which allows growth of self-assembled monolayers (SAMs) of the
deposited molecules.

We use room-temperature scanning tunneling microscopy (STM) to study interaction
of copper phthalocyanines (CuPc) and fluorinated CuPc molecules (FisCuPc) with
selected metal-passivated surfaces. Different electron affinity of CuPc and FsCuPc
molecules results in distinct interactions with substrates. In some cases we are able to
influence ordering of molecules locally by the STM tip. Observed dynamics of the
molecules allows to describe their interaction with the substrates. Influence of surface
defects on the dynamics will be discussed. A detailed information is gained from
calculations based on density functional theory.

Two aspects are important for discussion of observed morphologies and dynamic
behavior — 1) the charge transfer between the molecules and the substrate and 2)
competition between the symmetry of the substrate and the symmetry of the
nanometer-sized square-shaped molecules.
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copper
phthalocyanine

Figure 1: (a) Molecular structure of the copper phthalocyanine molecule. (b,c) STM images
of isolated adsorbed CuPc molecules (b) and of self-assembled monolayer
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Magnetic spectra of atomic and molecular adsorbates
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A magnetic impurity on a non-magnetic host can undergo spin-flip screening giving
rise to Kondo physics. The magnetic structure of the impurity can change the spectra
close to zero energy. Instead of the Kondo peak more complex structures can appear.
The combination of Kondo correlations and magnetic excitation is thus an interesting
field that can give much information on the way electronic and magnetic excitations
correlate on the atomic scale.

We will show our results with the modelisation of conductance spectra to compare
with scanning tunneling microscope data on atoms and molecules adsorbed on various
substrates [1-5].

Figure 1: Antiferromagnetic atomic chain of iron atoms glued by N atoms on a Cu,N/Cu(100)
substrate in a Néel state produced by decoherence [5].
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Metal phthalocyanines are promising candidates for fabrication of organic devices due
to their high chemical and thermal stability. Among them, copper phthalocyanine
(CuPC) is a well known organic p-type semiconductor, while fluorinated cooper
phthalocyanine (FCuPC) has been tested as a promising candidate for n-channel
transistor [1,2]. It is highly attractive to study interaction of the two types of molecules
on technologically important surfaces. To interconnect current silicon technology with
organic devices technology and overcome problems with deposition of ordered
molecular layers on a highly reactive silicon surfaces we tested several metal-
passivated silicon surfaces.

Saainm

Figure 1: STM image of isolated co-deposited CuPC and FCuPC molecules on In-passivated
Si(111) surface.

Molecules were deposited and studied at room temperature, which is much more
important from practical point of view. Various ratios of the two components, various
orders of deposition, and also co-deposition were tested. Amounts up to one monolayer
were deposited. We exploited scanning tunneling microscopy (STM) and tunneling
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spectroscopy (STS) to study mutual interactions of different types of molecules, as
well as stability and structure of bimolecular assemblies on selected substrates.
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Silicene, a two dimensional network of Si atoms, is predicted to be similar to graphene.
The exotic electronic properties theoretically predicted for free standing silicene have
initiated a great interest in experimental studies recently. However, the interaction
between the silicene layer and the substrate modifies the atomic and electronic
structure which deviate from the properties in its free-standing form.

Finding a proper way to reduce the interaction is crucial for future applications of
silicene. Chemical functionalization is one of the most promising methods. In the case
of graphene, a fully hydrogen terminated graphene sheet, called graphane, has been
theoretically and experimentally studied in the literature [1, 2]. The finite gap opening
at the Dirac point after hydrogenation has an important application potential for
electronic devices. Theoretical calculations also suggest that hydrogenated silicene, so
called silicane, has the same hydrogen chemisorption geometry and band gap opening
as hydrogenated graphene [3].

We report a detailed and comprehensive study of the atomic and electronic structures
of hydrogenated silicene on Ag(111) using low energy electron diffraction (LEED),
scanning tunneling microscopy (STM) and angle-resolved photoelectron spectroscopy
(ARPES). LEED shows that the hydrogenation removes the buckling of the silicene
sheet on Ag(111) which indicates a reduced interaction between Si and Ag atoms. The
process of hydrogenation is reversible, i.e., the hydrogen can be desorbed by heating
the sample leaving the silicene sheet in its original buckled structure. STM images
reveal a hexagonal structure with the periodicity of the silicene (1x1) lattice which is
consistent with the chair-like model [3]. The ARPES data show two dispersive bands
around normal emission which are in good agreement with the theoretical band
structure of our density functional theory (DFT) calculations based on a chair-like
model of free-standing half-silicane.
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Figure 1 (a) STM image of a 4.3x4.3 nm? area of hydrogenated silicene. The (1x1)
periodicity is indicated by a green diamond and the red diamond illustrates a (2V3x23) cell.
The STM image was recorded at room temperature in constant current mode with a
tunneling current of 200 pA and a sample bias of +50 mV. (b) ARPES data from half-
silicane obtained at a photon energy of 26 ¢V along I' = My, and I' - K, of the Ag (1x1)
SBZ. S; and S, are two dispersive bands which originate from half-silicane. The label Ag-sp
indicates Ag bulk emission and U-sp points at dispersive features due to Umklapp scattering
of the Ag-sp emission by (2V3x2V3) reciprocal lattice vectors. (c) Top and side views of a
half-silicane model with hydrogen adsorbed on one of the two hexagonal sub-lattices of
free-standing silicene. The green diamond represents the (1x1) silicane unit cell, blue and
pink balls represent Si and H atoms, respectively. The bond length between Si and H atoms
is 1.52 A, and the Az of the two Si sub-lattices is 0.68 A. (d) Calculated band structure of the
half-silicane model in (c). The dashed line indicates the binding energy limit of the ARPES
data in (b) relative to the top of the X1 and ¥> bands at T
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VO, is a transition metal oxide where electron correlation and collective electrons-
lattice interactions strongly affect electrical conductivity and optical properties. In
particular, this system is characterized by a well-recognized first order metal (high T)-
insulator (low T) transition (MIT) around 341 K [1]. This transition shows hysteresis
due to coexistent phase separation domains [2] and, in addition, a paramagnetic
behavior independent by the temperature [3]. The MIT dynamical behavior is
controlled by the characteristic time scale associated to the metallic and insulating
phases, to compare the time scale of control parameters such as temperature, stress
rates and measurement ranges [4].
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Figure 1: left) Layout of the photolithographic setup for resistive measurements; right) two
resistivity hysteresis cycles at Hpc=0 T and 30 T for two VO, samples.

The origin and the evolution of the different phase domains are also governed by the
local defects structure [5], dislocations, inhomogeneities, strains, etc. [1]. In this
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research, we show how the sample dimensionality affects the MIT. In fact, the
sensitivity to the microstructure of the substrate surface is correlated to the surface area
and to the thickness of the film.

In the left panel of Figure 1 we show the photolithographic pattern of two VO
samples, in particular, the sample A (W,=514 pm, L= 4541 um, h,=40 nm) and B
(Wp= 1102 pm, Ly= 3760 um, hp=60 nm). In the right panel of Figure 1 we shown the
resistive hysteresis cycle during the MIT transition of these samples, with an applied
magnetic field of 0 T and 30 T.

vo}n sample VO B sample
002
Hde=0T
- . VOzA sample
R — ; 0015
3 £
= € o0
Bz z e
% ‘;‘ 10 2
. A = ©
| e 0.005 1
4 95
Wt
Wl
B 5
e 20 330 M40 as0 360 L ) S S TP P S | o
5 10 15 20 25 30
Ti rature (K| Applied magnetic field, H (Tesla;
emperature (K) PP g ! dc( ) Temperature (K)

Figure 2: The derivative resistivity vs. temperature at 0 and 30 T for the sample A (left) and
B (center) and the width of the hysteretic MIT temperature cycle (right).

The data point out that ‘the insulating state sample with a greater area has a higher
conductivity. The increase of defect due to the substrate/film area interface, has a clear
effect on the resistivity of the insulating state’. Regarding the high magnetic field, in
Figure 2 we show the derivative resistivity vs. T to measure the transition width,
AT(K), as a function of the magnetic field.

It is evident that AT in the A sample (40 nm thick) an applied magnetic field
dependence (Figure 2 left) occurs as confirmed by the AT vs. Hge (0-30 T) behavior
(Figure 2 center). The behavior is different from the B sample (60 nm thick) and
confirms the bulk VO, data [3] with a MIT independent by the magnetic field also at
high magnetic (Figure 2 right). The result points out that ‘decreasing the thickness of
the VO; film amplifies the effect of defects present at the interface substrate/film
introducing an unexpected magnetic dependence at high magnetic fields’.
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“Silicene” and “germanene” are an-atom thick sheets made of silicon (Si) and
germanium (Ge), respectively, which are emerging as elemental two-dimensional (2D)
materials beyond graphene. They are characterized as buckled honeycomb lattices with
extended m-electronic states [1]. In their freestanding form, they are predicted to host
massless Dirac electrons [2] just like graphene, and to behave as 2D topological
insulators at experimentally accessible temperatures [3] unlike their carbon
counterpart. Although the first theoretical study on such materials was published in
1994 [2], it was not until a few years ago that experimental evidence has been reported
[4,5]. Since then, the number of publications related to non-graphene elemental 2D
materials has dramatically increased, but still, most of them are theoretical studies, and
the number of experimental studies are limited due to their inherent difficulties in
synthesis and characterization [1].

Since both Si and Ge prefer to crystallize in diamond structure and their graphitic
counterparts are lacking as possible parent crystals for silicene and germanene to be
formed through simple mechanical exfoliation, they have to be grown in the form of
epitaxial sheets on appropriate substrates through techniques such as vapor deposition.
While the formation of silicene sheets on Ag(111) single crystals has been reported
through vapor deposition of Si atoms on the clean surfaces [4], we had demonstrated
that epitaxial silicene sheet spontaneously forms as a surfactant layer on single-
crystalline ZrB»(0001) thin films grown on Si(111) wafers and also on the same film
surface after oxidation followed by removal of oxides through heating at 800 °C under
ultrahigh vacuum [5]. At temperatures higher than 650°C, silicene looses its structure
on ZrB; film surface while Si atoms remain on the film surface. Upon cooling down,
these Si atoms originating from the Si substrate crystallize into atomically-thin
epitaxial sheet with characteristic stripe domain structure [5]. The areal density of Si
atoms in this sheet was measured by medium energy ion scattering, and determined to
be very close to a monolayer amount of (V3x\3)-reconstructed Si honeycomb lattice
with the cell size of that of ZrB,(0001)-(2%2) surface [6]. Thus, there is no need to add
or control the amount of Si atoms for this spontaneously-formed silicene sheet, but
interestingly, when we do add Si atoms slightly, we can form a “true monolayer” sheet
without domain structures with retained electronic properties [6.. Alternatively, when
Ge atoms were added to this spontaneously-formed silicene sheet, a number of 2D Si-
Ge heterostructures - lateral, vertical, and alloy - were formed [7.. In this talk, I would
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like to introduce our recent effort to synthesize and characterize silicene, germanene,
and their heterostructures on ZrB, thin film surfaces.
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Silicene, a new allotropy of silicon in a two-dimensional honeycomb structure, recently
attracts a great interest. Due to its graphene-like electronic band structure, charge
carriers in silicene behave as massless Dirac fermions. Theoretical studies indicate that
silicene has a larger energy gap at the Dirac point and may show a detectable Quantum
Spin Hall Effect (QSHE), because it shows even a stronger spin-orbit coupling in
contrast to graphene. Moreover, its scalability and compatible with current silicon-
based nanotechnology makes silicene a promising candidate for spintronic
applications.

Multilayer silicene is quite unique that silicon atoms adopt competing sp hybridization
states leading to a low-buckled structure and a relative strong interlayer interaction. It
is still unclear that whether multilayer silicene retains layered stacking structure and
characteristic Dirac fermion with such a strong interlayer interaction. In addition,
stacking order provides an important yet rarely explored degree of freedom for tuning
multilayer silicene’s electronic structures. In this talk, we report the atomic
arrangement of 1x1 structure as the building block in epitaxial V3xV3 multilayer
silicene by scanning tunneling microscopy. Underlying silicene layers remain V3x/3
structure after the top silicene layer being mechanically peeled off. We demonstrate
that a rotation between stacked silicene layers can create van Hove Singularities even
with a large twisting angle. Our study verifies the layered stacking structure of
multilayer silicene, and suggests intriguing method for modulating electronic
properties by van Hove singularity engineering in this two-dimensional material.
Abstract text here made of about 2500 characters including spaces (times new roman
11pt - normal).
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Figure 1: STM and STS on twisted silicene multilayers. (a) STM topographic image of
multilayer silicene. (b) and (c) are high-resolution STM images corresponding to twisted
silicene multilayers in Area 1 and normal stacking silicene multilayers in Area 2 in (a),
respectively. (d) An obvious Moiré pattern demonstrates interlayer rotation angle of 21.8° in
twisted silicene layers. (e) and (f) are STS mapping obtained in Area 1 in (a), which
demonstrate a set of new Dirac-cone structures created by a Moiré-pattern-modulated
honeycomb potential field in twisted silicene.
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In recent years, there have been tremendous interests in elemental 2D materials beyond
graphene, such as silicene [1], boron monolayer [2], and phosphorene. In this
presentation, I will briefly introduce the recent progress on theoretical simulation of
post-graphene elemental 2D materials from my group. We explored a variety of point
defects in (4x4) and (V13xV13)R13.9° silicene superstructures on Ag(111) surface and
compared with experimental STM images [3]. The computed formation energies and
diffusion barriers can nicely explain experimental observation of the defect behaviors
of these two silicene superstructures. We also systematically compared the interaction
strength between silicene (and germanene, stanene) and various metal substrates
reported in experiments. We explore the atomic structure, thermodynamic stability, and
electronic properties of phosphorene GBs [4]. A total of 19 GBs were predicted and
found to be energetically stable with formation energies much lower than those in
graphene. These GBs do not severely affect the electronic properties of phosphorene:
the band gap of perfect phosphorene is preserved, and the electron mobilities are only
moderately reduced in these defective systems. Finally, we predicted growth of
graphyne on selected transition metal substrates.
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The Moore’s law has powered the information-technology revolution since the 1960s.
However, due to new needs and challenges, it is approaching its end [1]. Thermal
transport is becoming a major issue, requiring specific investigations, especially at low
dimensional scales [2]. Graphene & silicon carbide (SiC) are advanced semiconductors
having figures of merit scaling well above those of well-established ones. SiC, has a
wide band-gap, is especially suitable for high-power, high temperatures and high
frequencies devices/sensors. In addition, it is biocompatible and resistant to radiation
damages, with the same thermal conductivity than copper. Graphene, a 2D material
made of a single atomic layer of C atoms in sp2 bonding configuration, has
unsurpassed properties with a very large phase coherence lengths > 1 um at 4 K,
unprecedented high mobility at pu=250,000 cm2/V.s (1,360 cm2/V.s for Si). In
addition, graphene has unsurpassed spin diffusion lengths exceeding > 100 um (few
um for Si), a thermal conductivity 10 times higher than Cu, and mechanically, the
strongest material ever measured [3-6]. Functionalization remains however challenging
since interacting too strongly with a graphene layer may alter its properties. As a 2D
single atomic layer material, graphene needs a substrate. In this view, SiC is an
excellent choice since “graphene” could be grown epitaxially on its surface.
Understanding/mediating SiC and graphene surfaces & interfaces properties are of
central importance toward functionalization. In addition, interacting with the SiC
surface may offer an alternative approach in successful functionalization. The 1st case
of H/D-induced metallization of a semiconductor surface has been shown for Si-rich
3C-SiC(001)-3x2 surface [7]. Combining advanced experimental techniques as
STM/STS, vibrational & 3rd generation synchrotron radiation-based photoelectron
spectroscopies, and state-of-the-art calculations bring the 1st evidence of H/D-induced
nanotunnel opening at a semiconductor sub-surface for SiC — Fig. la - [8]. Dangling
bonds generated inside a nanotunnel offer a promising template to capture atoms or
molecules, opening nano-tailoring capabilities towards advanced applications in
electronics, chemistry, storage, sensors or biotechnology. Such a mechanism open
routes to selective surface/interface functionalization of epitaxial graphene [8]. Such
nanotunnels have also been recently predicted for C-terminated 3C-SiC(001)-c(2x2)
surface - Fig. 1b - [9]. Finally, another amazing aspect is H interaction with graphene
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on SiC dust grains to polycyclic aromatic hydrocarbons (PAH) formation in the
interstellar medium, as possible route toward prebiotic roots of life in the universe [10].

H/SiC(001) c(2x2) C-terminated
OH
e C
0 Si
b)

Figure 1: H-induced nanotunnel opening at a) Si-rich 3C-SiC(001)-3x2 [8] and b) C-
terminated 3C-SiC(001)-c(2x2) [9] the sub-surfaces.
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Silicene is a synthetic low-dimensional allotrope of silicon with a honeycomb structure
similar to graphene. Silicene is attracting a lot of attention because of its fundamental
possibilities as well as its potential compatibility with microelectronics technologies
[1]. Synchrotron radiation photoelectron spectroscopy results acquired at the SOLEIL
facility have demonstrated that silicene grown on Ag(111) hosts Dirac fermions with a
Fermi velocity about one-third of that of free standing graphene [2]. Functionalization
by atoms or molecules may be used to modify the electronic properties of silicene. Yet,
fundamental knowledge about functionalizing silicene is in its infancy. To contribute to
the actual state of the art, we have undertaken experimental works dedicated to
studying the reactivity of silicene with respect to hydrogen atoms.

The interaction between silicene and atomic hydrogen has been investigated by
Scanning tunneling Microscopy (STM) and High Resolution Electorn Energy Loss
Spectroscopy (HREELS). As shown recently [3], the fully hydrogenated silicene
monolayer prefers to accomodate seven H atoms in one silicene-(3%3)/(4x4) unit cell.
Nevertheless, other configurations, of which the origin will be discussed, were
observed in coexistence with the previous one. We will also focus on the vibrationnal
properties as measured by HREELS. We demonstrate that depending on the film
thickness, the reactivity of the silicene films differs. Atomic H interaction with silicene
will be compared with that of the Si(111) surface, as well as with ErSi,,/Si(111) [4],
another 2d materials that may be considered as related to silicene.
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Figure 1: Monolayer of silicene-(3%x3)/(4x4) exposed atomic hydrogen. Inset silicene-
(3%3)/(4x4) on Ag(111)
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Recently scanning probe microscopy (SPM) including STM, AFM, KPFM and so forth
has been remarkably developed to be a major measurement method of surfaces and
nanostructures. Interpretation of observed images, however, is often not simple and
requires theoretical analyses based on deep consideration of phenomena taking places
around tip and surface. Therefore theory and theoretical simulation of SPM became
more and more important. In this talk, recent theoretical topics of SPM are introduced
in which collaboration with experiments produced fruitful pioneering results. They
include AFM images of various protein molecules, a quasi water structure appeared in
microscopic 3D force pattern at solid-water interfaces, finding of a new reconstructed
structure of SrTiO3(001) surface, as well as theory of KPFM applied to Si surfaces
with embedded impurity. Moreover some important issues of electron transport
through large molecules between the tip and substrate will be discussed. The problems
discussed include loop currents in carbon network molecules, Franck-Condon blockade
of a molecule sandwiched between nano-electrodes, and transport in Helical
polyacetylene. These systems are more or less related to the issue of wave (coherent)
vs particle (dissipative) nature of electrons.
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The rediscovery of graphene and its peculiar physical properties have caused intense
research on two-dimensional (2D) sheet crystals. They unify features of bulk, surface
and nanostructure in one-and-the-same atomic arrangement. Hexagonal graphene-like
2D crystals of other group-IV elements such as silicene, germanene and stanene are
predicted to be ‘wonder’ materials since their honeycomb structure is responsible for
Dirac electrons and spin-orbit interaction (SOI) increases along the group IV of the
periodic table. Especially, silicene with similar electronic properties as graphene may
add further possibilities for novel Si-nanostructure-based electronic devices and
integration into current silicon semiconductor technology. Germanene and stanene
become interesting because of the SOl-induced gap opening. Chemical
functionalization with hydrogen (H) and halogens such as iodine (I) or geometrical
modification in nanoribbons increase the variety of possible applications.

The recent realization of silicene on graphene [1] or germanene on MoS2 [2],
exfolation of hydrogenated germanene [3], and epitaxial growth of stanene [4] have
induced manifold first-principles studies and electronic structure calculations to study
their geometries and properties. This talk reports important results of such theoretical
activities and discuss them in the light of available experiments. Four complexes are
investigated in more detail:

(i) The conical linear bands seem to survive in the case of weak adsorbate-substrate
interaction [5] but not in other energetically more favored 2D polymorphs [6].

(ii)) The linear bands have enormous consequences for the IR optical properties.
Independent of the group-IV element and the degree of hybridization the universal
absorbance is ruled by the Sommerfeld finestructure constant [7]. The optical
properties in general are significantly influenced despite the fact of having atomically
thin layers [8].

(ii1) Spin-orbit interaction not only modifies the optical properties by band gap opening
[9]. It makes the 2D crystals to topological insulators which exhibit a quantum spin
Hall (QSH) conductivity [8]. Their QSH phase can be destroyed within vertical electric
fields [10].

(iv) Germanene and stanene nanoribbons give rise to topological edge states
independent of zigzag or armchair edge orientation, if the edges are non-magnetic [10].
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Figure 1: (a) Perspective view on Gel geometry. (b) Spin Hall conductivity of Gel. Its
quantization is also visible for germanene but not germanane.
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Electron-energy-loss spectroscopy (EELS) is a very versatile tool that can probe quite
different physical phenomena (phonons, intraband/interband transitions, electronic
structure). We focus here on the excitation of core states with incoming electron
energy in the range [50-1000] eV so that the sensitivity to the surface is maximized.
Indeed, in this range of energy, it has been demonstrated experimentally that EELS can
be used to study the local atomic structure around the absorbing atom [1,2]. In this
range, the standard approach to EELS which makes use of the Kincaid et a/ [3] XAS-
like approach where multiple scattering in the incoming and scattered beams is
neglected, cannot be used anylonger. In contrast to previous attempts to go beyond the
XAS-like model and that were relying either on a crystal field approach [4] or on the
periodicity of the sample [5,6], we derive a complete multiple scattering approach of
core-level EELS in the real space that treat all electrons on an equal footing and does
not require any periodicity of the sample. By complete, we mean that we take fully into
account into our formulation that fact that the interaction between the incoming
electron and the core state on the absorbing atom is long-ranged. The direct
consequence is that the cross-section of EELS depends not only on the absorbing atom,
but it contains also contributions from neighbouring atoms. We discuss the relative
importance of these contributions on an example (see figure 1). We find in particular
that the matrix elements of the Coulomb field which we take as screened as we are in a
solid, should vanish after a few shells of neighbours. Finally, we show which
approximations have to be made in the multiple scattering EELS theory in order to
recover the XAS model [3] which is generally used to describe core-level EELS.
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Figure 1: Modulus of the screened Coulomb field propagator as a function of the distance
and the screening constant A.

References

1. M. De Crescenzi, F. Antonangeli, C. Bellini and R. Rosei, Phys. Rev. Lett. 50, 1949
(1983).

2. L. S. Caputi, O. Comite, A. Amoddeo, G. Chiarello, S. Scalese, E. Colavita and L.
Papagno, Phys. Rev. Lett. 77, 1059 (1996).

3. B. M. Kincaid, A. E. Meixner and P. M. Platzman, Phys. Rev. Lett. 40, 1296
(1978).

4. J.J. M. Michiels, J. E. Inglesfield, C. J. Noble, V. M. Burke and P. G. Burke, Phys.
Rev. Lett. 78, 2851 (1997).

5. D. K. Saldin, Phys. Rev. Lett. 60, 1197 (1988).

6. M. De Crescenzi, L. Lozzi, P. Picozzi, S. Santucci, M. Benfatto and C. R.
Natoli, Phys. Rev. B 39, 8409 (1989).

249



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Rapid Fermi-Surface, Fermi-Velocity and Spin Mapping Using ToF
k-Microscopy: Application to Topological Systems.

Gerd Schonhense
Johannes Gutenberg-University of Mainz, Institute of Physics,
Staudingerweg 7, D-55099 Mainz, Germany

Email: schoenhe@uni-mainz.de
Key words: momentum microscopy, imaging spin filter, spin
texture

The Fermi surface, Fermi velocity vr and spin texture are of high importance for the
design of materials with tailored electronic properties. Moreover, the topology of the
Fermi surface plays a crucial role in the existence of topologically non-trivial
electronic states like the metallic states in the surface region of topological insulators.
A novel experimental technique, termed time-of-flight (ToF) momentum microscopy,
allows mapping of the full surface electronic structure in a single measurement on a
time scale of 20 min [1,2]. In combination with high-brilliance soft X-rays (hv = 300 to
1300eV) the novel method was extended towards 3D mapping of the topology of the
full Fermi surface, the k-dependence of vr, and quantitative analysis of electron and
hole pockets for tungsten [3]. Implementation of an imaging spin filter allows an as-
yet-unachievably rapid access to the complete spin-dependent electronic band structure
of solid state materials. The full-field momentum microscope is based on a cathode
lens optimized for imaging large (k. k,)-fields up to 5 A diameter at high resolution
(down to 0.01 A™). Measured 3D data arrays I(kyk,,?) consist of many k-slices with
512x512 pixels (in this experiment 18,000 k-points are resolved in slices close to EF).
The time-of-flight ¢ of each electron (recorded by a delay-line detector @ > 5 Mcps) is
converted into kinetic energy, calibrated at the Fermi edge. Several hundred energy
slices (bin-size 9 meV) are acquired in parallel.

The Fermi surface and k-dependence of the Fermi velocity have been studied at
beamline P04 at PETRA III (DESY, Hamburg). At a sample temperature of 30 K the
band features stay sharp up to hv =1300 eV. Momentum components k. and £, are
resolved by the cathode lens, the binding energy is recorded via ToF and £ is varied
between the 3rd and 4th repeated Brillouin zone by varying the photon energy in many
steps between 306 and 574 eV, exploiting the concept of direct transitions [4]. The
resulting 4D data array (k. k, k., Ep) contains the complete information on all bands in
the full 3D Brillouin zone. The Fermi surface is obtained when all (k. k,)-slices at
E=FEr are concatenated along the k.-axis. Finally, vr is determined from the k-distance
of adjacent energy isosurfaces (Er, Er-AE) or, in high-symmetry directions, from the
slope of the bands at Er (being the classical way). Three different 3D views of the
Fermi surface with a false-color scale of the Fermi velocity are shown in Fig.la,
together with a selection of energy isosurfaces at the Fermi energy (b-f, as denoted by
white dotted lines) and at higher binding energy (g-i). The Fermi surface of W is a
fragmented object with isolated electron and hole pockets, labelled A-D. vr varies from
10° to 10° m/s in the hole pockets and from 10° to 2.5 x10° m/s for electron pockets.
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The maximum is a factor of 2 smaller than the expectation for a free electron gas with
the parameters of tungsten.

The first studies of spin textures with the new instrument (taken at BESSY), focused
on anomalous surface states with Dirac-like signature on W(110) [5] and the bulk and
surface Rashba bands of GeTe(111) [6]. Fig.1j shows a view of the measured spin
texture for the W(110) surface (red-blue-grey denote degree of spin polarization and
intensity). The 3D array P(kyk,, Ep) reveals a tilted Dirac cone with circularly shaped
cross section and a Dirac crossing within the projected bulk band gap of tungsten,
0.84eV below Er. Dispersion and spin texture show eye-catching similarities to the
spin-locked surface states of topological insulators.

Experiments are supported by one-step photoemission calculations (H. Ebert et al.).
Projects funded by BMBF (05K13UM2,05K13GU3).
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Figure 1: (a) Experimentally-determined Fermi surface of tungsten in different views. The
color scale denotes the Fermi velocity vr (see color bar, in units of 10° m/s). Blue and red
correspond to electron and hole conductivity, respectively. (b-f) selected E=EFr isosurfaces
(momentum slices); (g-i) isosurfaces for larger binding energy (from [3]); (j) spin texture of
anomalous surface states on W(110) (from [5]).
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A reinvestigation of the high pressure structural phase diagram of
black phosphorous
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Two dimensional crystals are important class of materials with several potential
applications [1]. Black phosphorus (BP) with its tunable direct bandgap, 1.51 eV for
the a monolayer to 0.59 eV for a five-layer, is recently demonstrated as a useful
candidate for applications like field effect transistor, [2,3]. Application of hydrostatic
pressure on the structure and electronic properties is important to understand the
fundamental properties and to indicate newer routes to further material manipulation.
Considering these aspects in mind, we have recently carried out a systematic high
pressure x-ray powder diffraction (HP-XRPD) study on black phosphorus. These
studies were carried out at the newly commissioned dedicated high pressure x-ray
powder diffraction facility, Xpress beamline [4], at Elettra Synchrotron, Trieste.
Measurements were carried out in the pressure range 0- 12.2 GPa using a screw-driven
plate diamond anvil cell (DAC) with large x-ray opening. Silicone oil was used as the
pressure transmitting medium (PTM). Considering the possibility of degradation of BP
due to prolonged air exposure, sample grinding and transfer to the PTM were carried
out inside a N filled glove box before being used for the high pressure DAC loading.

Earlier high pressure studies [5-7] on black phosphorus indicated occurrence of two
structural phase transitions in BP in the studied pressure range. However, these
previous results were not sufficient to fully explain the recent Raman results [8] thus
motivating further studies. X-ray powder diffraction results (Fig. 1 (a)) at ambient
conditions obtained from a capillary sample could readily be refined with existing
structural model. Unlike the capillary data, XRD pattern from the DAC was somewhat
different, a comparison of the lowest pressure data is shown in Fig. 1(b). Such a
difference was due to the occurrence of preferred orientation which could not be
avoided due to the stationary experimental geometry in the HP-XRPD case unlike the
capillary measurement, which in the present case permitted the sample oscillations,
thus avoiding the preferred orientation effects.

Analysis of the HP-XRPD permitted to follow the structural evolution of the BP with
pressure. We observed two transitions in agreement with the earlier studies [5,6]. The
ambient condition orthorhombic structure start to convert to rhombohedral around 5
GPa, however with a large co-existence pressure regime. The rhombohedral phase
converts further to cubic phase by increasing pressure, however the transition is not yet
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complete even at 12.2 GPa. The large co-existence regimes between different phase
can qualitatively explain the high pressure Raman results. Further HP-XRPD and high
pressure single crystal studies are in program to have ulterior information.

Intensity (arb. units)

Intensity (arb. units)

Fig. 1: (a) ambient pressure XRD spectrum of black phosphorus taken with a capillary set-up
(with oscillations). (b) A typical low pressure XRD spectrum BP. In both panels symbols are the
experimental data, blue line is the results of the refinement and green vertical bars are the Bragg
peak positions.
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Stress-induced lattice distortions (strain) can significantly affect physicochemical
characteristics of materials modifying electronic, optical, catalytic or charge transport
properties. In some cases specific properties of the bulk, or fully relaxed structure, can
be enhanced or inhibited by the effect of strain. In other cases, new functionalities, not
present in the unperturbed structure, appear in strained lattices.[1-7]

Thin heteroepitaxial films where the strain can be induced by the lattice misfit with the
substrate are ideal model systems to investigate the effect of strain on the material
properties. With this respect, a comprehensive understanding of the mechanisms of the
stress generation at the initial film nucleation and of its evolution during the film
growth is of fundamental importance.

When a thin film grows on a substrate under in-plane (i.e. along the direction of the
substrate surface) tensile or compressive stress a force applies parallel to the substrate
surface arising from the elastic energy accumulated in the system. To release the elastic
energy the substrate bends up or downward depending on whether the in-plane stress is
compressive or tensile respectively. By measuring during the film growth the curvature
of the substrate and knowing its elastic properties, it is possible to monitor in situ the
stress-thickness product of the growing film by applying the Stoney equation.[9]

This study describes an in situ simultaneous diagnostic of the stress by multi-beam
optical stress sensor and of the growth mode by reflection high energy electron
diffraction during pulsed laser deposition of the oxide films.[10] The simultaneous
application of these two techniques has been never attempted so far during the growth
of oxide thin film heterostructures.

The stress state and evolution up to the relaxation onset are monitored during the
growth of Ce35Smy.1502.5 thin films. This material is an oxygen ion conductor mainly
used as electrolyte for solid oxide fuel and electrolyzer cells and has been selected for
this investigation since a strain effect on its conducting properties is expected.[8] In
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particular, a tensile strain along the direction of the migration of the charge carriers
should lower the activation energy for charge transport.[7] However, literature reports
controversial data and the extent of the effect spreads over several orders of
magnitudes.[8] This investigation confirms the expected effect of strain on the ionic
conductivity and a thorough characterization of stress and morphology allows
quantifying this effect using samples with the conductive properties of single crystals.

The combined in situ application of optical deflectometry and electron diffraction
provides an invaluable tool for strain engineering in Materials Science to fabricate
novel devices with intriguing functionalities.

_ cosa D—D,
ZLT D

Figure 1: Simultaneous in sifu monitoring of growth mode by reflection high energy electron
diffraction and stress evolution by optical wafer curvature measurement during the growth
of oxide heterostructures.
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Very thin and ultrathin films deposited on various substrates have found many
applications in different industries. For example, polymeric films used in the
biomedical field are gaining considerable interest because they offer great versatility in
the chemical groups that can be incorporated at the surface. The constraints imposed by
the surface additionally allow for unique physical properties not usually observed for
the bulk polymer. Also self-assembled monolayers (SAMs) [1] used in a number of
technical areas show applications in material science, biology and biochemistry,
sensors, electrochemistry, and nanotechnology.

Analysis of thin and ultrathin layers has been unachievable task for Fourier Transform
Infrared (FTIR) spectroscopy for many years. However, with the development of
dedicated devices it seems that probing layers of even few nanometers in thickness can
be now fulfilled reliably and reproducibly.

Specular reflection mode at grazing incidence angle is a very important technique for
analysis of thin layers deposited on reflective substrates. However, in the case where
silicon is the substrate, the reflection spectrum contains the signature of the base
material in addition to the monolayer and resolving the distinctive features of the
surface film becomes difficult. Monolayers and ultrathin films deposited on silicone or
gold are easily analyzed by using Attenuated Total Reflection (ATR) mode [2] - an
increase in sensitivity up to 1-2 orders of magnitude can be observed comparing to
specular reflection mode.

In this contribution two of the most popular IR sampling techniques to investigate the
chemistry of monolayers and ultrathin films (of various thickness) deposited on various
substrates will be discussed. Special attention will be paid to optimize ATR
experimental settings by selection of crystal with proper refractive index and adequate
angle of incidence.
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Application of FTIR spectroscopy and microscopy for analysis of graphene, self-
assembled monolayers, layers of oxides and biofilms allows for characterization of
their response in the infrared range of electromagnetic spectrum. Proper spectral pre-
processing and statistical analysis [3, 4] is required to extract information from the
spectral datasets.
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Figure 1: ATR-FTIR spectra of SAMs in the region 2980-2840 cm™ (left) and calculated
ratios of asymmetric to symmetric CHj stretch showing even/odd effect (right)
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Atomic layer deposition (ALD) is a technique that permits monolayer-by-monolayer
synthesis, but this often not the case at the earliest stages of growth [1]. Using in situ
synchrotron X-ray techniques, we investigate the nucleation and growth of nanoscale
ZnO islands, examining how the crystal structure, strain, texture, and composition,
evolve as the islands merge during deposition to form continuous layers [2]. The
results naturally depend strongly on the type of substrate, which were varied from
Si0,/Si to AlbO; (001) to InGaAs (001). For the SiO, and Al,O; substrates, we
observed the development of tensile strains during coalescence and found that the ZnO
microstructure developed at this stage determines the overall structure of the resulting
film (Figure 1, left). The different symmetries of the substrate surfaces led to distinct
preferred orientations, with ZnO / SiO, exhibiting self-texture with a preference for
(001) surfaces and ZnO / Al,Os exhibiting three dominant textures with in-plane
rotational domains (Figure 1, right). In the latter case, the relative texture populations
depend on temperature but appear to be set during the coalescence stage.

For ZnO on InGaAs (001), the results depended sensitively on growth temperature. At
the lowest ALD temperatures, the films remained amorphous, but at slightly higher
temperatures, the films underwent amorphous-to-crystalline transitions after reaching a
critical thickness. We will discuss these results with those from additional in situ stress
measurements and ex situ studies to provide a general description of initial growth
behavior.
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Figure 1: Left: In situ grazing incidence X-ray diffraction (GIXRD) radial scans run after the
completion of each ZnO layer for cycles 1-10 on AlO;. Right: (100) pole figure of ZnO
layers grown by ALD at 250 °C on AL,Os. (001).
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Devices for electronics and opto-electronics make use of a widening range of hetero-
structures such as quantum wells and superlattices. The main wide bandgap hetero-
structures currently available are endogenic ones (inside the same compounds family)
based on III-N and II-VI compounds, and mostly fabricated using MBE or MOCVD
epitaxy. However, there are still functional needs that are not fulfilled today.

In order to extend the range of available hetero-structures, it is interesting to explore
exogenic hetero-structures such as II-VI / [II-V or III-V / IV material systems. Only
few exogenic material couples are predicted to be compatible, i.e. offering sufficiently
close crystal and surface structures. In the present work, we have chosen to explore a
synthesis route to demonstrate highly ordered ZnO/GaN and ZnO/SiC epitaxial stacks
made of very thin layers for both undoped and Al-doped ZnO.

For this kind of exogenic hetero-structures, there is a special interest in performing low
temperature process, since any diffusion of the matrix element of one layer into the
adjacent one may lead to undesired high doping level in this adjacent layer.

Atomic Layer Deposition ( ALD ) appears to be the technique of choice as it allows the
deposition of highly ordered crystalline materials even at low deposition temperature
(<350 °C) [1]. Moreover, ALD easily provides excellent uniformity and conformality,
as well as precise control of the deposition thickness [2-4] and doping, at the atomic
scale, for very thin layers over large depositions areas [3]. This is why we have chosen
to use an ALD deposition process, in which the growth surface, maintained at
controlled temperature in the range of 180 - 350°C, is exposed alternatively to Di-
Ethyl-Zinc ( DEZn ) and H,O vapors, with purge periods inserted between the two
types of chemical adsorption periods.[3]

Preliminary growth trials on different surfaces ( Si, SiO,, GaAs, InP ) have shown that

the ZnO nucleation process is very surface - sensitive. For both GaN and SiC ( 000.+ )
surfaces, efficient nucleation has been obtained.
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Moreover, we have confirmed that ZnO with a high level of atomic ordering can be
successfully grown this way on both types of surfaces.

TEM images show very abrupt transitions in both cases, with a low-density of defects
for ZnO/GaN and a higher density of extended defects for ZnO/SiC (fig. 1 a and b). On
ZnO/GaN, epitaxial stacking has been confirmed by asymmetric X-ray diffraction,
leading to high coherence pole figures.

Figure 1: High resolution TEM images recorded at the interfaces between the substrate and
the ZnO thin film grown: (a) at 180 °C on GaN MOCVD epilayer, and (b) at 250 °C on SiC
substrate.
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It was found that the scanning of the semiconductor surface both in contact and in
tapping AFM mode results in local change of the topography and the surface potential
which was measured with Scanning Kelvin Probe Microscopy (SKPM). The value of
those changes depends on both the force applied to the AFM tip and its velocity during
scanning.

It supposed that mechanical interaction of the AFM tip with semiconductor surface
results in the generation of the point defects, which forms deep levels. The observed
change in the surface potential could be due the formation of point defects located very
close to the surface, which change of the energy of the Fermi level pinning.

The model developed to describe the experimental data revealed that small value of the
contact area between the tip of the scanning probe microscope and surface under study
(with diameter below 100 nm) allows realizing in the surface layer the very high
pressure (up to a few GPa). The value is very close to the plastic limit of the
semiconductor material and may cause the generation of defect in crystal lattice, which
results in the destruction of the surface [1,2].

It was demonstrated that with the forces below 100 nN applied to the AFM tip it is
possible to remove just single monolayer from GaAs surface (Fig.1).

The presented technology could be used to form the shape of solid state surfaces with
subnanometer resolution without wet etching processes.
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Figure 1: Topography (a) and profile (b) of the modified surface of the GaAs epitaxial layer.
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Bulk coordination environments of ions in their aqueous solutions can be easily probed
by techniques like X-ray absorption spectroscopy (XAS) and high-energy X-ray
scattering measurements. But obtaining similar information near the surfaces of
solutions is very challenging. In this regard, grazing-incidence X-ray absorption [1, 2]
was developed to detect interfacial ion coordination environments. Nonetheless, the
requirement of large solution volumes (> 20 mL) and very specialized interface-
sensitive instrumentation have limited the application of this technique to a very small
community of researchers. In the pursuit of a simple and easy-to-use method, we have
developed a new setup [3] that can measure total-electron yield (TEY) and
fluorescence-yield (FY) XAS data simultaneously from a pendant drop of an aqueous
electrolyte solution, as shown in Figure 1; the system requires only 0.5-1 mL of
electrolyte solution. The TEY signal provides the coordination environment within first
few nanometers of the solution surface, whereas the FY response provides metrical
details about the coordination in the bulk. The difference in probing depths stems from
the shallow escape depth (few nanometers) of electrons compared to the large (several
hundred micrometers) escape depth of the fluorescence (X-ray) photons, as depicted in
Figure 1. We measured the coordination behavior of one of the lanthanide elements,
europium, in an acidic aqueous electrolyte of its chloride salt. The analyses of EXAFS
data extracted from TEY and FY responses showed contrasting differences between
the bulk and interfacial coordination behaviors of Eu’* ions. Within the first few
nanometers of the surface of the aqueous electrolyte solution, the Eu®* exhibit oxygen
coordination typical of inner-sphere hydration of an aquated Eu*" cation. Beyond that,
outer-sphere cation-anion (Eu-Cl) and cation-cation (Eu-Eu) correlations are observed
(upper-left cartoon in Figure 1) that are otherwise not present in the bulk electrolyte
(lower-left cartoon in Figure 1). Hence the measurements using our newly developed
setup show that simple air-water interfaces can drive the formation of correlated
structures that can be very different from bulk structures. These differences between
interfacial and bulk structures can have immense implications in understanding
interfacial ion-transfer phenomena in physics, chemistry, biology and atmospheric
sciences. This work is supported by the U.S. DOE, Office of Science, Office of Basic
Energy Science, Division of Chemical Sciences, Biosciences and Geosciences, under
Contract No DE-AC02- 06CH11357.
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Near
surface U

Figure 1: A newly developed inverted pendant drop setup for simultaneous detection of bulk
and near-surface coordination environments of ions in aqueous solutions.
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Molecular machines are gaining increasing interest from biological to energetic
perspectives. They promise to convert energy and control mechanical motion at length
scales down to the nanometer. Some molecular machines cause reciprocal motion, as in
muscles and switches, while others cause rotational motion, as in flagellac: we discuss
theoretical models of both. Nature developed a variety of molecular machines to
convert energy and control motion. These natural machines tend to be complex and
robust. In the last few decades, scientists have synthesized a wide range of new,
relatively simpler molecular machines and learned to control and observe some of their
important motions, mostly in solution. Increasingly, molecular motors have also been
investigated at solid surfaces, allowing the use of surface science techniques for
studying monolayers of well-oriented molecules. Nanoscience techniques have added
further possibilities. We shall discuss basic issues of the operation of molecular motors,
including energy conversion steps, continuous energy supply, the role of thermal
energy, intentional start and stop of motion, and unidirectionality of motion. Without
intentional control of these aspects, motors create random motion and are largely
useless.

This work was supported by grants from the Hong Kong Baptist University Strategic
Development Fund, the Hong Kong RGC, and by HKBU’s High Performance Cluster
Computing Centre, which receives funding from the Hong Kong RGC, UGC and
HKBU.
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Taking into account biochemical processes that take place in the living cells, the
mobility of proteins and different organelles is one of the main factors that regulates
that processes. While analyzing the speed of life processes, it turns out that it exceeds
by few order of magnitude the speed derived from theoretical calculation, where
classically evaluated efficiency of diffusion transport of the macromolecules in
cytoplasm is applied. This problem has been already partly analyzed, by introducing a
concept of the macro- vs. local viscosity (1)), that becomes a function of a radius of
migrating objects [1].

In proposed approach, we attempt to elucidate that problem by studying a simple
model system: 110 nm Fe2O3 particles in a sucrose water solution (60% wt.). The size
of these nanoparticles is typical for a cellular organelle and the viscosity of the solution
at 20°C, n = 58 mPa-s, is close to the average viscosity of the mammal cell cytoplasm.

The Brownian motion of nanoparticles, determined from the Maossabuer line
broadening (ov) is in a good agreement with Einstein — Smoluchowski theory if one
assumes for the nanoparticles the hydrodynamic radius, Rh = 130 nm, as estimated
from DLS (Dynamic Light Scattering) measurements [2,3]. We have shown recently
that the mobility of nanoparticles abruptly decreases with their concentration when the
average particle-particle distance approachesa value of 2Rh [Fig. 1], [4].

According to the FEinstein-Smoluchowski theory, within 141 ns, the charactristic
observation time of the 57Fe Maossbauer spectroscopy, nanoparicles should exibit
tausends of junps, which should lead to the Gaussian distribution of the observed
velocities and, consequently, the Gaussian broadening of the Mossbauer absorption
lines.
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Figure 1: The nanoparticle mobility measured by a Mdssabuer line broadening o, vs.
interparticle distance ry,.

However, the shape of the experimental Mossbauer lines of the nanoparticles
suspended in vicious media, is definitelly non-Gaussian. It might imply a new
approach for understanding the nature of the processes that happens within the interior
of the living cells.
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SNOM spectroscopy for tissue imaging and cancer diagnostics
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We present a fully implemented Infrared (IR) Scanning Near-field Optical Microscopy
(SNOM) in spectroscopic mode for tissue imaging and early cancer diagnostics. The
SNOM has been coupled with an infrared light source, based on Free Electron Laser at
the ALICE facility in Daresbury. The potential of IR spectroscopy to characterise
cancerous tissues has long been recognised and studies of various cancers by many
groups have established that regions of malignant tissue can be easily identified on the
basis of its IR spectrum. The oesophageal adenocarcinoma, the cancer with the fastest
rise in incidence in the Western world, requires an instrument providing specific
chemical images at sub-cellular level of oesophagus tissue. This approach
demonstrates the potential of the IR-SNOM spectroscopy for yielding an accurate
diagnostic test for oesophageal and other types of cancers.

The SNOM employed in this work was developed on the IR FEL at Vanderbilt and
established on the IR FEL on the ALICE energy recovery linear accelerator at
Daresbury [1]. Preliminary results of IR-SNOM on oesophageal adenocarcinoma have
shown that the system can operate at nanometer resolution and has been able to
distinguish between healthy and malignant tissues [2]. The optical fibre has been
driven in particular areas of the oesophageal tissue and topographical and optical
images have been collected simultaneously at different wavelengths. In particular,
SNOM images were collected at wavelengths of 7.0 um (no strong biomarker), 7.3 pm
(protein/glycoprotein), and 8.05 um (DNA).

Figure 1 shows 40 um x 40 pum optical SNOM images for two samples, labelled
Cancer and Benign: the colour maps show the location of intense DNA (red), intense
protein/glycoprotein (blue) and of strong overlap of DNA and protein/glycoprotein
(orange). As clearly visible, Cancer sample shows a large spread of intense signal from
DNA whereas Benign sample shows a lower overall density of DNA, which is more
dispersed and exhibits more localised centres.
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Figure 1: IR-SNOM image maps showing the location of intense DNA (red), intense
protein/glycoprotein (blue) and of strong overlap of DNA and protein/glycoprotein (orange).

This combination of InfraRed radiation and Scanning Near-field Optical Microscopy,
in its spectroscopic mode, can be an important tool for tissue imaging and early cancer
diagnostics. It is expected to produce a major advance in imaging of malignant tissues,
leading to the development of portable diagnostic devices for hospital use for various
types of cancer. It is also planned to utilise the powerful combination of high spatial
resolution and chemical specificity of the mentioned methodologies to study the key
components, responsible for cancer formation.
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Because of their strongly resonant light-absorbing and light-scattering properties that
depend on shape, noble metal nanoparticles (NPs) provide a new and powerful tool for
innovative light-based approaches both in nanophotonics and nanomedicine. In
particular in medicine, gold NPs nanoshells (AuNPs) met large interest and have found
application for cancer treatments. The use of plasmonic nanoparticles as highly
enhanced photoabsorbing agents has thus introduced a much more selective and
efficient cancer therapy strategy. This is because at wavelengths just beyond the visible
spectrum in the near-infrared, blood and tissue are maximally transmissive. As a
consequence, by manipulating AuNPs shape and dimension, it is possible tune the
optical resonance of such NPs to this region of the spectrum so that they become useful
contrast agents in the diagnostics imaging of tumors. In addition, when illuminated by
an external near-infrared (NIR) source, NPs can serve as nanoscale heat sources,
phototermally inducing cell death and tumor remission, the so-called plasmonic
photothermal therapy (PPTT).

In addition, in biological applications, the AuNPs must be coniugated with
biomolecules in order to recognize cancer cells. A satisfactory study of the interaction
between single cell-single AuNP should define and delineate the basic key-
mechanisms induced by the conjugated biomolecules for selective cellular uptake for
cancer cells. In fact, the best conjugating biomolecules with AuNP able to recognize
and bind target cells. In turn, their response to illuminating NIR light when internalized
in the cancer cells requires useful strategies to be studied.

The possibility to study the interaction between single cells-sigle AuNPs is based on
the ability to identify the AuNs inside the cells. An innovative contribution for such
identification has been recently made by D’Acunto and co-workers demonstrating the
possibility to identify single AuNPs with dimensions 100-150nm, inside a single h9c2
mouse cell, figure 1, using an illumination wavelength of 780nm [1-3]. This
demonstration opens the possibility to study the single NP uptake and the inside cell

thermal induced effect before the cells being eventually destroyed as in standard PPTT.
Such progress and the correspondent ability to study the interaction between single
AuNP-single cell has been made possible by the usage of Scanning Probe Microscopy
(SPM) techniques. SPM denotes a versatile family of scanning microscopies with
spatial resolution of nanometers. In our experimental setup, we used a home-made
aperture Scanning Near-Optical Microscope (SNOM) operating in air. In turn, a near-
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field Green based Mie theory for the quantification of near-field optical properties of
the AuNPs has been developed to calculate the z-localization of the AuNP inside the
cells [4].

slosiinng
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Figure 1: (Left), 20umx20um topography of h9c2 mouse cell recorded with a home-made
aperture SNOM; (middle) an overlapping of the topography image with the correspondent
optical map, the arrows denote the (120nm diameter) nanoparticles identified within the cell;
(right), strong-absorption points marked by arrows in the overlapping image and denoting
the dimensions of the nanoshells.
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Nano-carbon materials have highly potential for advanced devices because of the many
superior properties such as high mobility, high strength and so forth [1]. For nano
devices, we can use field effect transistors using nano-carbon channels, and high
performance sensors, noise enhanced nonlinear devices has been developed [2].

On the other hand, Influenza is a major issue in public health [3], and we should
continuously check the spreading of influenza A virus variants because of a high
mutation rate of this RNA virus. Many infections to human have been reported and it
might be the potential to mutate the host from bird to human. The surveillance of such
mutation is highly required, and we need high sensitive sensor systems. We have
developed the bio-sensor using nano-carbon materials, which can detect the preferable
host by the virus. The host change can be observed as the change of the bonding
between the virus protein and the host sugar chain.

We have developed several processes to fabricate the field effect transistors for the bio-
sensor. One is the self-alignment process using grapho-epitaxy for the nano-carbon
channels [4]. Second is the deposition process for the binding molecules for the
specific molecules such as avian influenza viruses and human-type ones [5].

In this paper, we will discuss about the self alignment process and then the fabricated

nano-carbon channels can recognize the ionic density in the water as the pH sensor
(Fig. 1). On the other hand, influenza virus can detect the structure of the ganglioside
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to infect the specific host. Therefore, we will use the glycan as the detection molecules
in the bio-sensor. However, for the electronic detection, the size of molecules should
be small because of the Debye screening. We have tried to estimate the size of
sialyllactose as shown in Fig. 2, which seems to be the one of the candidates of the
detection parts in the bio-sensor for influenza virus.
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Figure 1: Drain-source current change Figure 2: AFM image for sialyllactose (10
depending on pH. ng/ml).
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Two dimensional crystals consisting of group IV element heavier than carbon (silicene,
germanene, and stanene) are supreme thin-film materials. They have been theoretically
predicted to possess high carrier mobility and some intriguing functions such as band-
gap control and topological insulator.[1,2] Among them, silicene and germanene have
been recently synthesized on metallic substrate and novel synthesis technique has been
also developed intensively.[3,4,5,6] However, it has been reported that the electronic
state of silicene on metallic substrates is dramatically modified by the strong
interactions with the surface atoms.[7,8] This indicates that one cannot utilize
successfully the intriguing electronic states inherent in silicene when silicene is placed
on a metallic substrate. Therefore, toward the device fabrication utilizing the electronic
states inherent in the two-dimensional crystals, it is prerequisite for understanding the
electronic properties on insulating substrates.

In this work, we have investigated optimized structures and electronic states of two-
dimensional crystals of group IV element on insulating films by the first-principles
calculations based on the density-functional theory.[9] The two dimensional crystals on
the insulating film were simulated by the slab models. Figure 1 shows the optimized
structure and electron-density distribution of 5X5 silicene on 0-Al,O3(0001)-3 %3
surface. We clearly see from Fig. 1(a) that the silicene sheet is disordered due to the
strong interactions between Si and O atoms. The corresponding electronic band
structure drawn by vasp_unfold code[10] is given in Fig. 1(b). The band structure is
basically preserved upon the presence of the surface, as in Ref.11. In addition to the
detail analyses of the electronic states, we will show the results of germanene and
stanene on a-Al,O3(0001) surfaces in presentation, and also discuss the results of the
two-dimensional crystals with hydrogen terminations.

This work was partly supported by Grants-in-Aid for Scientific Research (Grant Nos.

15K13943, 15H03564 and 16K17551) from MEXT of Japan. The computation in this
work has been done in part using the facilities at the Supercomputer Center, the
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Figure 1: (a) Optimized atomic configuration and electron density distribution of 5X5
silicene on a-Al,0O3(0001)-3%x3 surface. VESTA was used to draw atomic configurations
and electronic states.[12] (b) Unfolded electronic band structure of the silicene.
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Fourier Transform Infrared (FTIR) spectroscopy and microscopy are excellent tools for
investigation the number of phenomena within thin films. Due to sample thickness
special sampling techniques must be applied in order to record FTIR spectra of this
type of materials [1,2].

In this contribution various sampling techniques to analyse ultrathin films (with the
special attention to grazing incidence angle reflection and attenuated total reflection —
ATR) will be discussed. Experiments performed with both classic blackbody IR and
synchrotron radiation (SR) at ISMI (Infrared Spectro/Microscopy) beamline at
Singapore Synchrotron Light Source will be presented.

The infrared light at ISMI is extracted from the edge region of one of the bending
magnets of the compact superconducting electron storage ring Helios 2. The nominal
source point is located at half the maximum magnetic field, i.e., at 2.25 T.

Monolayers and nanometers-thick films placed on various substrates may be easily
sampled using the VeeMAX 1l accessory - available at ISMI beamline. VeeMAX 11
offers continuous variable angle of incidence (between 30 and 80 degrees) and a
variety of crystal plates to selectively control the depth of penetration of the IR beam;
its high throughput provides excellent sensitivity and reduced sampling time.
Utilization of grazing incidence angle objective attached to IR microscope can be
helpful in analysis of monolayers, but in this case they must be placed on reflective
(typically metallic) substrates.

Application of FTIR spectroscopy and microscopy for analysis of graphene, self-
assembled monolayers, layers of oxides and biofilms allows for characterisation of
their response in broad infrared range from 10 to 10000 cm™ (that correspond to
photon energy from 1.24 to 1240 meV).
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Figure 1: ATR-FTIR spectra collected for 20 nm films (Polystyrene and T polymer)
deposited on silicone substrate.
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The nature of hydrophobicity in atomic scale is one of the important questions to
understand water properties. In our previous work, we studied adsorption on the
“hydrophobic” carbon nanotube surface at room temperature in water vapor by optical
measurement of individual single-walled carbon nanotubes (SWNTs) suspended
between micropillars and classical molecular dynamics (MD) simulation in the NVT
ensemble. We found that water molecules condense on the “hydrophobic” SWNT
surface and that the water molecules form double-layered structure in atomic scale [1].

Here, we have investigated the diameter (d;) dependence of RBM frequency in vacuum
and in water vapor for a wider range of d; from 1.0 nm to 2.5 nm using MD simulation
and a dynamical matrix (DM) calculation. We studied effects of water vapor on the
frequency wrpwm of radial breathing mode (RBM) of SWNTs within a narrow range of
tube diameter around d; = 1 nm, and we clarified that the d; dependence of wrpm
follows a phenomenological expression wrsm = A/d; + B, where 4=227.9 cm™ nm and
B=7.5%1.5 cm’. This behavior of wrewm is in good agreement with our experimental
result: wrem = A/d; + B, where 4 =232.4 cm™ and B = 7.5+2.5 cm™". On the other hand,
we investigated the d; dependence of RBM frequency for a wider range of d; up to =

vacuum vapor

2.5 nm. Figure 1 shows the DM calculation results of wggy ' (red curve) and wggy,

(blue curve). The di-dependence of wl‘{gﬂ)\,‘fr (blue curve) deviates from the 1/d; behavior
(dashed curve) with increasing d,, i.e., influence of water vapor surrounding an SWNT
on the RBM frequency becomes larger than the conventional 1/d; behavior as d;
increases [2].

In addition to SWNT surface, we have performed MD simulation on the water on
graphene surface, and we found a similar double-layered water structure on
“hydrophobic” graphene surface at room temperature in water vapor. One of the
interesting phenomena related to double-layered water on graphene surface is
tribology. To understand the effect of the double-layered water on tribology of
graphene surface, we calculate the friction force acting on graphene nanoflake put on
the graphene surface in vacuum and water vapor. In the presentation, we show
simulation results of friction force under various conditions of the loading force acted
on the graphene nanoflake.
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Figure 1: wpgn and wid"™ calculated by the dynamical matrix method.
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Silver layers of 0.1 to 6.0 ML thickness were deposited at room temperature on the
surface of tungsten substrate of 10 mm diameter. Analysis of silver growth on tungsten
was studied by thermodesorption (TDS) and Auger electron spectroscopy (AES). TDS
measurements indicated that the first layer grew in a layer-by-layer manner, whereas
further layers formed islands on the first monolayer. The recognition of the mechanism
of growth by AES was performed in two ways — by observation of the slope changes of
the Ag(351, 356 eV) Auger line versus time dependence and the change of the shape of
the Ag(351,356 eV) line during silver layer growth [1]. Auger investigations confirmed
TDS results that the first Ag layer grew in a Frank-van der Merwe mode of growth,
and the successive silver layers formed island structures according to the Stranski-
Krastanov model. Surface diffusion of Ag on W surface was studied by using ESCA
imaging property of SCIENTA SES200 instrument [2]. During surface diffusion
studies half of tungsten surface was deposited by Ag layer. Next the sample was
annealed to a temperature of 400-550 K, involving surface movement of silver on the
substrate. Measuring the photoelectron intensity as a function of position and energy
surface diffusion coefficient of Ag on W was determined [3]. Results of investigation
of Ag growth and diffusion on the polycrystalline tungsten surface was compared with
other studies.
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Figure 1: @) Ag (351; 356 eV) line intensity changes as a function of silver evaporation
time, b) changes of shape factor as a function of silver evaporation time.
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Coatings are used in several technological applications. Their functional properties
strongly depend on the coating material, the coating microstructure and process
parameters. Many experimental tests can be can be carried out with different materials,
different thickness and process parameters to investigate this dependency. However,
modeling and simulation represent an effective alternative to experiments [1] and have
become more and more important in the last years. This contribution focuses on
metallic coatings suitable for accelerator technologies and a simple analytical model is
presented and discussed.

The model uses the well-known equations of propagation matrices theory [2] applied
for an infinite metallic bulk with no reflection and a dielectric or metallic coating. The
electromagnetic fields and the effective skin depth, in bulk-coating multilayer
structure, are evaluated in order to estimate the quality factor and the surface resistance
of metallic-coated devices such as RF cavities.

3% Coating-Bulk Inter.
0O Skin Depth with Mo03 1.12 pum
0 Skin Depth with Mo 0.84 pm

0.8+ N\

0.6+ \*

0.4}

E-Ficld [A. U.]

0 0.5 1 1.5 2 2.5 3

Figure 1: Comparison of the real part of the electric field at 10 GHz inside a bulk of copper
coated with a 500 nm coating made by Mo or MoQOs. The square and diamond markers show
the estimated effective skin depth of these multilayer structures.
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The analytical model has been also extended to high frequency (THz) structures
adopting the Drude model of transition metal (TM) oxides for the coating region [3].
The research is established in the framework of an international collaboration among
INFN-LNF, SLAC, KEK and UCLA working to design novel X-band accelerating
structures. This activity is particularly devoted to the research and development of key
components of existing accelerators to fulfill the demands of new compact accelerators
for scientific and industrial applications. [4]

As an example, to determine the maximum sustainable gradients in normal conducting
RF powered particle beam accelerators operating in the X-band with extremely low
probability of RF breakdown, we are investigating the possibility to growth coatings on
copper based RF cavities. We will present calculations of TM or TM oxides to
minimize the breakdown events while preserving the conductivity of the copper
surface.
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Nowadays, copper has become the mainstream material as back-end interconnect due
to its good electric conductivity. However, it is easy for copper to induce
electromigration (EM), then voids form and cause electrical functions failure. Using
cobalt as a cover of copper is one solution for this issue.

Figure 1: Topography(left) / MFM(right) image of SiO, & Co surface
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Figure 2: SEM image of ALD Co film (A) cross section (B) plane-view

Atomic layer deposition (ALD) could deposit conformal ultrathin cobalt film; on the
other hand, magnetic force microscopy (MFM) could be a method to analyze the cobalt
film incubation mechanism of ALD, especially with the low cycle number film.
Thermally grown SiO, are applied as substrates for cobalt films to demonstrate the
feasibility of the experiment. We prepare a ALD cobalt film which AFM shows the
thickness is about 16 nm and use MFM to scan the surface. From the MFM results in
Figure 1, the surface morphology of cobalt film is much different from that of bared
Si0; substrate. It’s because only the magnetic of cobalt could be detected by MFM, but
SiO; substrate don’t. According to the theory of thin film growth, the film normally
forms island shape before it merges into continuous film. The SEM images in Figure 2
also show the similar topography corresponding to MFM results.

It has shown that MFM technique is quite suitable to inspect the magnetic film
morphology for the study of ALD cobalt thin film on copper base in the future, with
the low cycle number film in particular.
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The unique physical properties of diamond make this material suitable for fabrication
of devices in a variety of fields from electronics, to high-energy physics, detectors,
sensors, etc. Some of these devices are based on conductive patterns integrated on
diamond. Different technologies based on the hydrogenation process and the laser
annealing or the focused ion beam (FIB) allow to obtain patterned conductive areas.
We already investigated the electrical properties of shallow (few tens of nm thick)
diamond conductive layers obtained with a FIB working with Ga"ions at 30 keV. We
demonstrated the possibility to control the resistivity over two orders of magnitude
changing the doses [1] and characterized the morphology of the irradiated regions upon
annealing in oxygen at T=400° C. [2]

— 100 pm ———

Figure 1: SEM image of a set of 10x10 pm? square regions treated by FIB at different ion
doses (dose range 2.55 + 650 pm?).

The effect of ion-beam induced structural damage in diamond, and in particular the
change of the refractive index, has been observed since the *60. Within this framework,
we used both a synchrotron radiation IR microbeam and a Raman microscope to
investigate a set of micro-conductive amorphous carbon squared pads patterned by FIB
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on a CVD diamond polished surface. Ion currents in the range 28 pA to 280 pA and
doses from 2.5 pC/um? to 650 pC/um? were used to pattern the areas on the CVD
diamond plate showed in Fig. 1. These small areas were investigated in reflectivity
using SR FTIR at the beamline B22 of the Diamond Light source. To complement the
IR reflectivity data, micro-Raman spectroscopy was performed on the same regions.

1200

600

3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 2: Comparison of Raman spectra of the irradiated areas showed in Figure 1. Spectra
have been measured using the BRUKER-Senterra micro-Raman microscope available at the
B22 beamline with a 633 nm laser.

A powerful and direct method to obtain the refractive index of a material is to measure
the reflectivity and obtain both the real and the imaginary part via the Kramers-Kronig
transformation. We investigated patterns at high and low doses measuring changes in
the refractive index of the CVD diamond plate. Work is in progress but preliminary
estimations point out an increase up to 10-15 % with the material still remaining in a
highly ordered phase. To characterize the ordering of these irradiated area vs. dose we
collected also micro-Raman spectra. Some data showed in Fig. 2 point out for these
values of dose, no changes in shape and in position of the intense and narrow peak
characteristic of the diamond structure. However, a large sideband at higher
wavelengths and other larger structures due to the strong amorphization of the surface
of these irradiated regions appear. No clear signature of graphitic carbon has been
detected by Raman spectroscopy.

These experiments may allow estimating the associated changes of the refractive index
of synthetic CVD diamond, which could be used to design specific optical devices
based on synthetic diamond.
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The growth of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on the Ga-polar
GaN(0001) surface has been studied in detail by X-ray photoelectron spectroscopy
(XPS), spot profile analysis low-energy electron diffraction (SPA-LEED), near edge x-
ray absorption fine structure (NEXAFS), as well as scanning tunneling microscopy
(STM). The stoichiometric ratios as obtained from XPS show that the molecules
remain intact upon adsorption on the surface. In addition, no chemical shifts can be
observed in the Cls and Ols core levels with progressing deposition of PTCDA,
suggesting none or only very weak interaction between the molecules and the
substrate. NEXAFS measurements show that the PTCDA molecules are oriented with
their molecular plane parallel to the surface. High-resolution STM shows PTCDA
islands of irregular shape on the sub-micron scale (fig. 1), and together with
corresponding SPA-LEED data reveals a lateral ordering of the molecules that is
compatible with the presence (102) oriented PTCDA nano-crystals. High resolution
SPA-LEED clearly shows the presence of homogeneously distributed rotational
domains of two-dimensionally isotropic PTCDA.
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Figure 1: (a) STM image of PTCDA islands on GaN(0001); tip bias -3V, tunneling current
0.3nA; (b) heiht profiles of the islands as indicated by the lines in (a).
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The study of materials is of central significance for progress in science and technology.
At present the focus is on materials with reduced dimensions such as nano-structures or
molecule based systems. These materials offer new tunable properties. In order use
them in devices a deep understanding of the properties of the materials on the atomic
scale is a prerequisite.

Non-destructive spectroscopies are a fundamental tool of analysis at the nanoscopic
level, allowing to probe matter and its constituents with an atomic resolution, and to
monitor their time evolution down to the femtosecond range, transforming them into
unique methods to trace chemical reactions. However, in order to make use of the
continuously increasing resolution in space, energy, momentum, spin and time,
complementary theoretical support is indispensable. This is where new EU-funded
COST action EUSpec' gets in.

This COST action brings together the expertise of experts working in the science of
advanced materials in order to build a coherent theory and computing platform with a
new common data format to model sophisticated spectroscopy experiments performed
at advanced radiation sources as well as at academic and industrial research
laboratories.

The goal is to strengthen the communication between between theoreticians and
experimentalists because on the one hand new types of experiments are important
benchmarks for the status of theory and often require or trigger new formal theoretical
and corresponding code developments. On the other hand, experimental groups are not
always aware of the available tools and program packages provided to them by the
colleagues from theory to analyze and interpret the experimental findings. EUSpec will
lead to a large-scale network in order to give a strong impetus to the spectroscopy
research and to give Europe a decisive lead. It will establish a platform that goes far
beyond the applicability of the actual individual computational codes in order to
address the relevant questions and problems for many more materials and
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spectroscopies. In line with these ambitious goals, EUSpec will be presented to initiate
strong interactions between theory and experiment in the future.
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Silicene, germanene, and stanene are quasi-two dimensional graphene like materials
composed of silicon, germanium and tin atoms, respectively. Graphene has a massless
Dirac cones at the K and K’ points in the Brillouin zone where © and © bands linearly
cross the Fermi level. The electronic properties of silicene, germanene and stanene are
akin to those of graphene. However, Dirac cones become massive due to the spin-orbit
coupling.

k_]/ﬂ' . k_!/ﬂ'

Figure 1: Energy spectra of ZSiNRs with (a) mono- and (b) di hydrogen terminations at both
edge sites.

These three materials prefer to construct sp*-like hybridized orbitals rather than sp?
ones and have low buckled structures different from grapheme.[1,2] Owing to this low
buckled structure, the magnitude of the energy gap is tunable by electric field.[3,4]
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Since the low buckled structures are crucial for these materials, not only © but also o
orbitals influence seriously on the energy spectra of edge states, in contrast to graphene
nanoribbons.[5] This orbital degree of freedom is also important for describing the
hydrogen termination effects.

We study electronic states of zigzag silicene, germanene and stanene nanoribbons
(ZSiNRs, ZGeNRs, ZSnNRs) with and without hydrogen terminations based on a
multi-orbital tight-binding model. Similar to zigzag graphene nanoribbons (ZGrNRs),
various intriguing in-gap edge states appear depending on the types of edge hydrogen
terminations. Mono-hydrogen termination effects at edge sites can realize zigzag-like
edge states (Fig. 1(a)). On the other hand, di-hydrogen ones at edge sites can realize
Klein-like edge states (Fig. 1(b)). The obtained edge states with the hydrogen
terminations show helical edge states in quantum spin Hall system. In presentation, we
will discuss electron transport properties and band-gap tuning by vertical electric
fields, together with the results of germanene and stanene.
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Monolayer graphene is usually synthesized on the copper surface at high temperature
by chemical vapor deposition (CVD). To improve the quality of graphene,
understanding of growth mechanism is essential and thus further fundamental studies
are necessary [1-2]. In this work, we explored lower temperature CVD growth of
graphene by using in situ scanning electron microscopy (SEM). We used Cu-In alloy
as the substrate because a clear contrast of graphene was easily obtained at elevated
temperature.

A copper (99.96 %) substrate was soldered with indium (99.99 %) on an SiO, (100
nm)/Si substrate (17 X 4 mm). The weight fraction of indium to copper was 4-6 %.
Then DC current though the sample was applied during SEM observation to alloy
copper with indium at around 800°C (+50°C). For growth, carbon source gas
composed of C;HsOH and H, was flowed into the SEM chamber at 8.5x10 Torr.
When the alloy surface was observed by SEM, gas flow was temporarily stopped. The
growth process of graphene was tracked by repeating the observation and gas supply at
around 800°C.

Figure 1 shows SEM images of the Cu-In surface after (a) first one-hour growth and
(b) successive one-hour growth at the same position. Initially dendritic islands
appeared in (a). While the dendritic islands grew slightly larger, new circular islands
appeared and almost covered the remaining area in (b). AFM measurements revealed
that the dendritic islands were 3D-like while the circular islands were 2D-like, and
Raman spectroscopy confirmed that the circular islands were graphene. Therefore,
transformation from 3D island (amorphous-like carbon) growth to 2D island
(graphene) growth occurred during CVD at around 800°C.

The initial dendritic island growth in (a) occurred at surface impurities that acted as
nucleation sites. Thus, the density of the islands was low and the island distance might
be larger than the carbon adatom diffusion length. In such a case, the adatom flux to
the islands are high, inducing dendritic growth. On the other hand, the circular islands
uniformly nucleated on the terrace area between dendritic islands. Because the growth
rate of 3D islands is low, the adatom concentration on the terrace increases, resulting in
the homogeneous nucleation of graphene on the terrace. The relatively low
temperature, around 800°C, should responsible to the crossover of 2D and 3D growth.
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Figure 1: Graphene growth process observed at the same place on copper-indium alloy.
Growth was performed for (a) 1 hour and (b) additional 1 hour before SEM observations.
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Materials research consists of the analysis of the structure of materials and that of their
characteristics and functions. X-ray diffraction is the standard technique to determine
the bulk structure. For the determination of the topmost- and near-surface atomic
geometries, an equivalent single method is yet to be established. A recently developed
technique, i.e., total-reflection high-energy positron diffraction (TRHEPD) may serve
for the purpose because it can observe exclusively the topmost surface atomic
arrangement as well as observe the sub-surface atomic arrangements.
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Figure 2 Total reflection of the positron and the refraction of the positron and the electron.
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TRHEPD is the positron counterpart of the RHEED (reflection high-energy electron
diffraction). It was proposed in 1992 (then called reflection high-energy positron
diffraction, RHEPD)[1], and the first data were obtained with a radioisotope-based
positron beam [2], followed by investigations of various surface structures and phase
transitions [3]. Then an electron linac-based TRHEPD apparatus was developed that
made it possible to observe clearer patterns within a much shorter time [4, 5].

The key of the unique characteristics of TRHEPD is the universally positive
electrostatic potential in every material. It leads to the total reflection of the positron
and the refraction toward the surface of the penetrating positron.

Such refraction makes it possible to continuously increase the observation depth form
the topmost surface. (We call the whole technique as TRHEPD regardless of the
possible inclusion of the data out of the total-reflection condition.) Figure 1 shows
schematically the comparison with the case of the electron that refracts off the surface.
It is worth mentioning that TRHEPD is the only diffraction method where the
conditions for the total reflection and the Bragg diffraction are satisfied simultaneously
in the same angular region.

It has been demonstrated [6] that the observed THREPD and RHEED patterns from the
Si(111)-(7x7) for the glancing angle 1.3° are certainly different from each other,
reflecting the difference in the probed depth. The degree of the agreement between the
observed and calculated TRHEPD patterns is much better than that for the RHEED
case. This suggests that unrevealed relaxation may exist in the region that RHEED
probes. The good agreement of the TRHEPD patterns confirms that the uncertainly in
the deeper region does not affect the analysis of the data for a small glancing angle.

Following the first determination of the structure of silicene on Ag(111) [7], we
recently determined the structure of graphene on Cu(111) and Co(0001) [8]. On both
metals graphene does not have appreciable magnitude of buckling but the distance
between the graphene and the substrate metal surface is different.

We also determined a complex structure of rutile-TiO»(110)-(1x2) surface. During the
long debates lasting for more than 30 years since its discovery, many models were
proposed for this surface. The structure finally determined by TRHEPD [9] is an
asymmetric Ti,Os structure, where the two Ti atoms with the surrounding O atoms
added on the top have different height. This conclusion agrees well with a recent
theoretical result by Wang et al. [10] who optimized the atomic composition and the
atomic arrangement concurrently using the USPEX code.

This study was performed under the PF Proposal No. 2014S2-004 and 2013U002, and
the auspices of the JAEA-KEK Joint Development Research at the High Energy
Accelerator Research Organization (KEK). It was partly supported by a Grant-in-Aid
for Scientific Research (S) 24221007 and those for Young Scientists (B) 25800182 and
26800170 from JSPS, and by Toray Science and Technology Grant from Toray
Science Foundation.
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Spin-splitted surface state at metal surface attracts much attention from the viewpoints
of the fundamental physics and the applications. It is inevitable to investigate the
unoccupied electronic dispersions which play an important role for electron transport
phenomena. In contrast to an understanding of the electronic states in the occupied
state in BiAg surface alloy, the experimental investigations for the electronic state in
the unoccupied state are very few to date. In this study, we have carried out the angle-
resolved photoemission (ARPES) and two-photon photoemission spectroscopy
(AR2PPE) for a BiAg surface alloy grown on Ag thin film. From the detailed analysis
of ARPES and AR2PPE spectra, occupied and unoccupied electronic dispersions in the
vicinity of Fermi-level were specified.

All measurements in this study were conducted at BL13 (Saga University beamline) at
SAGA-LS. BiAg surface alloy grown on Ag thin film were prepared by the 1/3 ML of
Bi deposition onto 15 ML Ag thin film. ARPES measurement was carried out with
synchrotron radiation. AR2PPE measurements to observe the unoccupied states were
performed with the p-polarized third harmonics of a Ti:Sapphire laser. The excitation
energies were varied between 3.96 and 4.28 eV.

Figure 1 shows the AR2PPE intensity map for the BiAg surface alloy grown on 15 ML
Ag thin film measured along [J- [J direction in SBZ. The excitation energies were
4.00, 4.18, and 4.38 eV. As shown in Fig. 1, the excitation-energy-dependent AR2PPE
spectra were observed. From the detailed analysis of excitation energy dependance in
ARPES spectra, the occupied electronic dispersions, unoccupied electronic dispersions,
and photoexcitation process were specified. The complex electronic dispersions
observed at higher-final-energy were assigned as the occupied Rashba-surface state,
quantum-well states of Ag thin film, and image potential state. The occupied electronic
dispersions were consistent with those obtained from ARPES measurements. [1, 2] The
band dispersions located at 6 - 7 eV in final energy were the unoccupied electronic
dispersions. From the comparison with the theoretical study for BiAg surface alloy on
Ag thin film, the unoccupied electronic dispersions can be attributed to the spin-
splitted surface states.[3]
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Figure 1: Excitation-energy-dependent AR2PPE images for BiAg surface alloy grown on 15
ML Ag thin film.
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Surface band structure is one of the most important concepts in the fields of surface
physics and applied surface science. Here we determine the surface conduction band
structure of the clean Ge(001)-c(4x2) and Ge(111)-c¢(2x8) with high energy and
momentum resolution by means of time-resolved two-photon photoelectron
spectroscopy. Electrons with the high excess energy are injected into the bulk
conduction band with 824 nm pump laser pulses (0.4 ps) and the subsequent electron
dynamics is probed with the third-or fourth-harmonic pulses with changing the delay
time between the pump and probe pulses. Photoinjected bulk electrons are then
transferred to the unoccupied surface band (SB) and relaxed within the band. In this
study, the electrons transiently populated and relaxed in the unoccupied SB are directly
imaged as functions of energy and momenta parallel to the surface to determine the
surface conduction band structure.

On Ge(001)-c(4x2), the structure of unoccupied (t ) SB is asymmetric: the dispersion
is little in the direction (I'J) perpendicular to the surface dimer row, while large in the
direction (IJ’) parallel to the dimer row [1]. The photoexcitation generates
highly—excited electrons in the T'-valley of bulk conduction band. On this surface,
some bulk electrons are transferred fast into the dispersive branch of the m -SB,
followed by the relaxation toward the bottom at the T-point in the surface Brilluoin
zone. In figure 1(a), the relaxation pathway of photo-excited electrons along the I'-J’
direction is superimposed as broken curve on the angle-resolved photoelectron image
acquired at 4.0 ps. The flat band shows the branch along the T'J direction. The surface
band gap is determined to be 0.3 eV above the valence band maximum, consistent with
previous ARUPS study [1].

Figure 1(b) shows the photoelectron image acquired at 1.5 ps after the photoexcitation
of Ge(111)-c(2x8). In contrast to the case of Ge(001) surface, photo-injected electrons
are transferred to the adatom-related SB after relaxation to the bottom of bulk
conduction band, because of small overlapping of bulk and surface energy bands. The
surface electrons are then relaxed towards the bottom at T’ point along the apparently
symmetric band. The bottom of the unoccupied SB is located 0.3 eV below that of bulk
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conduction band. The directly-observed band structure is consistent with the calculated
surface structure [2] and the DOS measured by scanning tunneling spectroscopy [3].

-10 0 10
EMISSION ANGLE (DEG.)

Figure 1: (a) The angle-resolved photoelectron image acquired at 4psec after photoexcitation
of Ge(001)-c(4x2). Also shown by dotted line is the relaxation pathway of photo-excited
electrons. (b) The photoelectron image at 1.5 ps after the excitation of Ge(111)-c(2x8).
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GaSb is an attractive material for the p-channel of next-generation metal-oxide-
semiconductor field-effect-transistor on Si because of its high hole mobility. Recently,
it has been reported that high-quality GaSb films can be epitaxially grown on the Si
(111) substrate using the InAs buffer layer[1]. The lattice constant in the plane of
growth for the thin GaSb epilayer inherits that of InAs, causing inherent biaxial strain
in the GaSb film. As a result, the electronic structure of the GaSb film can be modified.
Nainani et al. have reported that tensile strain enhances the hole mobility of GaSb as
well as compressive strain[2]. However, the mechanism of such mobility enhancement
under the strain has not been revealed. In this study, we evaluate the electrical
conductivity of the biaxially-strained GaSb bulk and thin films using first-principles
calculations within the density fuctional theory and the semi-classical Boltzmann
transport theory. We assume the biaxial strain parallel to the (111) and (001) plane.
Figure 1 shows the in-plane electrical conductivity, oinplane, Of the biaxially-strained
GaSb (111) and GaSb (001) as a function of the biaxial strain. For GaSb (111), Gin-planc
varies monotonically as a function of the biaxial strain for a high hole consentration,
while Ginplane for a low hole concentration has a singular point at &=0. Such peculiar
behavior of gin-piane results from the change in the band structure under the biaxial strain.
The biaxial strain breaks the cubic symmetry of GaSb, which lifts the degeneracy of
the heavy hole (HH) and light hole (LH) states at the valence band maximum (VBM).
For a low hole concentration, only a vicinity of the VBM contributes to the electron
transport. The density of states at the VBM is reduced by the lifting of degeneracy,
thus, Ginplane decreases under both the compressive and the tensile biaxial strain. For
GaSb (001), ginplane for a low hole concentration has the maximum value at =0 as well
as that for GaSb (111). On the other hand, Gin-piane for a high hole concentration varies
non-monotonically as a function of the biaxial strain as shown in Fig. 1(c). Gin-planc
increases not only under the compressive strain but also under the tensile strain unlike
in the case of GaSb (111). The mechanism of the enhancement of Gin-piane Under the
strain will be discussed and the results for the GaSb thin films will also be shown.

307



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

. 260 ——— 7 o 20
£ 2400 e p=1.0x10%cm? | "2 55
@A 220 b A 210

+_ annl g b

= 200} . o 205
— | ™ -

Z 1s0f . =, 200
£160 Ce £195
2140/ . £ 190
= | s =
5120 (a) GaSb(111) ~—o & 185
2 12} ' = 16 om-3 = 12f
R A\ perox108 e 7 12
Ut .f" W)

T I et ° 9
o 8 2 8
o TF \ a Tt
g 6 \ £ 6
g B . 2 5f
g 47 > g 4
£ 3/(b) GaSb(111) e 5 3

al 2
-0.06 -0.04 -0.02 0.02 0.04 0.06 -0

0
£

p=1.0x10% ¢cm?3

= L -
-

(¢) GaSb(001) “u -
' " p=1.0x1016 cm3

(d) GaSb(001)

.06

-0.04 -0.02 1] 0.02 0.04 0.06
£

Figure 1: In-plane electrical conductivity Gin-plane 0f (2), (b) the GaSb (111) and (c), (d) GaSb
(001) as a function of the biaxial strain at 300K for the hole concentrations of 1x10%° ¢m™

and 1x10' cm.

References

1. A. Ohtake, T. Mano, N. Miyata, T. Mori, and T. Yasuda, Appl. Phys. Lett. 104,

032101 (2014).

2. A. Nainani, B. R. Bennet, J. B. Boos, M. G. Ancona, and K. C. Saraswat, J. Appl.

Phys. 111, 103706 (2012).

308



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Thermal property modulation of graphene by strain-induced phonon
engineering

Satoru Konabe', Kento Tada?, Takashi Funatani’, Kenji
Sasaoka®, Matsuto Ogawa’, Satofumi Souma®, Takahiro
Yamamoto'*

!Research Institute for Science and Technology, Tokyo
University of Science

’Department of Electrical Engineering, Tokyo University of
Science

’Department of Electrical and Electronic Engineering, Kobe
University

Email: konabe@rs.tus.ac.jp
Key words: graphene, phonon, thermal property, strain effects

Atomically thin materials such as graphene [1], silicene [2,3], transition metal
dichalcogenides [4], and phosphorene [5] have greatly attracted attention due to rich
physical properties. One of the important aspects of those materials is their extraordinal
flexibility owing to their single atomic layered structure. There have been studied of
the strain effect on electronic properties in atomically thin materials. These include, for
instance, the modification of electronic properties in various materials [6,7], the
enhancement of a chemical reactivity [8], and the improve of the thermoelectric
performance in phosphorene [9,10]. However, phonon properties of atomically thin
layered materials associated with the strain have not extensively been investigated.

In the present paper, we examine the strain dependence on phonon dispersions and a
specific heat by performing the first principles calculation based on the density
functional theory. For the phonon dispersion, we focus on the high-energy and
lowenergy region of the phonon modes. We found that the high-energy phonon modes
show the softening due to the strain. In particular, the G-modes exhibit the red-shift
with the energy splitting as a function of the strain. Furthermore, it has been shown that
the split of these are different for the strain of the zigzag direction and armchair
direction. On the other hand, the low-energy acoustic modes exhibit the hardening; the
dispersion relation of the out-of-plane mode essentially changes from the quadratic to
the linear associated with the strain. The comparison between the first principles result
and the analytical result explains this modification in terms of the ratio of the
nearestneighbor and the next-nearest-neighbor force constants. To see the effect of the
straininduced phonon modification on thermal properties, we calculated a specific heat.
We show that the classical limit of a specific heat achieves faster for the larger strain
(Fig.1(a)). This originates with the softening of the phonon mode due to the strain. We
also elucidate that the temperature dependence of the low-temperature specific heat
also changes from the linear to the quadratic (Fig.1 (b)). We ascribe this to the different
wavenumber dependence of the phonon dispersion in the presence of the strain.
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Figure 1: The strain dependence of the specific heats of uniformly strained graphene as a
function of temperature. The panel (a) shows the specific heat over wide temperature range
from 0 to 1400K. The panel (b) shows the lower temperature region. The amount of strain is
zero to 10% by 2%.
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An interfacial water layer is always formed between the graphene and substrate when
graphene is transferred onto a hydrophilic substrate by mechanical exfoliation. It can
induce charge doping in graphene on an SiO»/Si substrate [1] or inhibit charge transfer
between graphene and a mica substrate [2]. Therefore, understanding the behavior and
effects of it is essential for controlling the properties of devices made from graphene.
The hydrophilic nature of the SiO surface is due to the hydrogen bonding between
silanol group (Si-OH) and water molecule. The increase in silanol group density by
removing hydrocarbon contaminants on SiO» by O-plasma treatment enhances the
hydrophilicity [3]. The water is desorbed from two silanol groups at high temperature,
which causes formation of siloxane group (Si-O-Si) that forms almost no hydrogen
bonding with water molecules [4].

In this study, graphene was transferred on a SiO»(285 nm)/Si produced by O»-plasma
treatment and reoxidization. We focused on the interfacial water layer between single-
layer graphene and the substrate and evaluated change in the amount of water
depending on the environment through the change in graphene vibration mades by
Raman spectroscopy. We controlled temperature and pressure around the graphene
during Raman measurements with an environmental chamber by heating and pumping.
First, the Raman spectrum of the single-layer graphene was measured in the chamber
in air. Second, it was measured after annealing (at ~200 °C for 2 h, ~2 Pa ) in Ar
atmosphere. Finally, it was measured in water vapor atmosphere.

Figure 1 shows shifts and change of intensity ratio for G- and 2D-peaks. After
annealing, G- and 2D-peaks down-shifted and intensity ratio (/zp/Is) increased. In
water vapor, G- and 2D-peaks up-shifted and I,p/Ic decreased from those after
annealing.

Up-shifts of G- and 2D-peaks can be caused by either compressive strain [5] or hole-
doping in graphene [6,7]. The 2D-peak intensity decreases with an increase in charge
density [6]. The result indicates that the interfacial water layer induces hole-doping in
the graphene. In additon, the amount of the interfacial water layer decreased to form
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the siloxane groups by annealing and increased by intercalation of water molecule in
water vapor.
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Figure 1: The Raman spectra of the single-layer graphene after transfer (black), after
annealing (red) and in water vapor (blue).
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When indium (In) atoms were deposited on a In/Si(111)-V3x\3 surface various
superstructure phases were observed to form depending on the In coverage. Among
them are the \7xV3 surfaces, which appear with hexagonal (V7x\3-hex) and rectagular
(N7x\3-rec) geometries in scanning tunneling microscopy (STM) images, and were
recently shown to become superconducting at low temperature. The atomic structures
as well as the In coverages of the V7x\3 surfaces are not well established as yet.
Recently, the structural models and In coverages of the two \7xV3 phases were
proposed in theoretical studies [2,3,4]. While a double-layer structure is agreed for the
\7x\3-rec phase, the structure and In coverage (a single layer vs double layers) remain
debated.

By using STM, we investigated the V7xV3 superstructure phases prepared by two
different procedures, room-temperature deposition of In on a In/Si(111)-V3x/3 surface
and high-temperature deposition of In on a Si(111)-7x7 surface. We found that the
superstructures labeled as V7x\3-hex and V7x\3-rec phases in a previous room-
temperature-deposition study [1] were indeed identical to the “striped” and the \7x3-
hex phase formed by high-temperature In deposition. An additional phase, truly
identical to the V7xV3-rec phase formed by high-temperature In deposition, was also
found. The “striped’ phase is also found to have V7x/3 structure (N7x\3-striped’) and
concluded to have a single-layer In coverage in that it typically coexists with a 4x1
phase, a well-established structure with one monolayer of In coverage. The V7xV3-hex
phase is observed to form on top of the V7xV3-‘striped’ phase, indicating that the
\7xV3-hex phase, like the V7x\3-rec phase, is made up of double layers of In. This
contrasts to the expectations of single-layer In [2,3], but agrees with a recent
theoretical calculation proposing the double-layer structure of the \7x\3-hex phase

[4].
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Figure 1: High-resolution STM images of (a) V7x\3-‘striped’, (b) V7x\3-hex, and (c)
\7x\3-rec phases.

References

1. A. A. Saranin et al., Phys. Rev. B 74, 035436 (2006).

2. B. Shang, L-F. Yuan, and J-L. Yang, Chin. J. Chem. Phys. 25, 403 (2012).
3. K. Uchida and A. Oshiyama, Phys. Rev. B 87, 165433 (2013).

4. J. W. Park and M. H. Kang, Phys. Rev. B 92, 042306 (2015).

314



A. Acun et al. “Atomically Controlled Surfaces Interfaces and Nanostructures”
edited by A. Bianconi, A. Marcelli (Superstripes Press, Rome 2016) isbn: 9788866830597

Nanolaminate Copper Barriers of Ruthenium and Tantalum Nitride
Thin Films by Inductively Coupled Plasma Enhanced Atomic Layer
Deposition

Bo-Heng Liu,"", Sheng-Hsin Huang,2 Chien-Wei Chen,' and
Chi-Chung Kei'

'Instrument Technology Research Center, National Applied
Research Laboratories, Hsinchu 300, Taiwan, R.O.C.
’Department of Materials Science and Engineering, Hsinchu
300, Taiwan, R.O.C.

Email: * jazerox@itrc.narl.org.tw
Key words: Ru/TaN nanolaminate barriers, Cu interconnect and
inductively coupled plasma enhanced atomic layer deposition (PEALD)

Ru/TaN nanolaminate barriers and Cu interconnect were sequential directly grown on
dual damascene nano-porous dielectrics by inductively coupled plasma enhanced
atomic layer deposition (PEALD). Ru/TaN thin films were successfully deposited by
home-built PEALD using [Ru(EtCp].] [1] and Ta(NC,Hg)s [2] as precursor with high
energy reductive Ar/H, and Ar/O; plasma. Fig. 1 shows the chamber design of the

PEALD system. The substrate temperature of Ru/TaN thin films were 300 and 250 °C

with 500 cycles to PEALD process. The N» purge time and plasma power were held
on 5 s and 400 W. Ru/TaN thin films were analyzed by X-ray photoelectron
spectroscopy (XPS: Perkin Elmer PHI 670) and HRTEM (JEOL JEM-2100F). The
resistivity was measured by using Hall effect measurement system (Accent/HL
5500PC). Fig. 2 shows the XPS of Ru 3d spectra deposited by PEALD. The energy
states of 3ds, (at 280.2 eV ) and 3ds, (at 284.3 eV) indicated metallic Ru. However,
the lower intensity peaks at 281.2 eV and 285.9 eV are from RuQO,. Growth rate of Ru
the films was increased significant from 0.01 to 0.1 nm/cycle by using dc biased
PEALD. The resistivity of Ru thin films prepared by PEALD was 40 pQ cm. The
growth rate of TaN thin films was 0.05 nm/cycle as s the PDMAT pulse time is more
than 2 s. Cross-section HRTEM image in Fig. 3 shows that the Ru/TaN nanolaminate
barriers were formed. In summary, Ru/TaN nanolaminate barriers were prepared by
using Ru(EtCp].] and Ta(NC;Hs)s precursor with the aid of the high energy reductive
A1/O; and Ar/H; plasma in ITRC PEALD system.
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Figure 3: HRTEM image and EDS of Ru/TaN nanolaminate by PEALD.
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The analysis of particulate matter (PM) present in ultra-trace in solutions is an
important target for many researches, but difficult to achieve just because of the
extremely low concentration. The microdrop technique allows, through the
evaporation of small droplets [1,2] to control the deposition of materials dissolved in a
solution and to generate a controlled pattern of deposition on a well-defined area. With
such technique we may depose onto a substrate, drops with diameters in a range from
70 to 200 um. Consequently the evaporation process allows depositing the non-volatile
materials present in the solution in a relatively short time. This technique allows to
evaporate a density of Sml/cm? per hour on a flat substrate and heating up to 80°C the
amount evaporated is roughly 30 times higher.

The technique may control also the density of the deposited materials on relatively
small areas in order to optimize the density, achieving the deposit of the smallest
amount of materials with the highest possible density, a result extremely difficult to
achieve with other methods, and in particular when high homogeneity is required. As a
matter of fact, using the microdrop deposition it is possible to obtain samples with
density comparable to ones prepared with the filtering technique, but with a total
amount of the solution ~25 times lower. [3]

A second advantage of the technique is that it significantly minimizes and eventually
rules out unwanted effects associated with the evaporation of large drops, such as
coffee stains or cluster formations, a requisite mandatory to achieve the highest sample
uniformity [4,5]. In addition, unlike filtering techniques, the microdrop method can be
applied and optimized for almost any liquid system, as the head of the microdrop is
made by highly inert materials. Also the deposition may occur on any surface. It is
then possible to select the most suitable substrate for the material to deposit and for the
analysis to perform. The technique we will describe may produce samples that could
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be used in many applications. Among the many, the deposition and the
characterization of aerosols particulate matter for pollution monitoring, studies of
polluted water or the investigation of biological diluted materials contained in
ultratrace working with concentration values that goes from hundreds to tens of ppm.

Figure 1: A typical droplet ejected by the microdrop head while approaching the substrate
(left) and a magnified view of the deposition pattern (right) obtained using droplets with a
diameter of 100 um and a distance between centres of droplets of ~170 pm.

As an example we will show results related to a project performed in collaboration
with the synchrotron radiation facility of the Diamond Light Source, the University of
Milano Bicocca and the Laboratori Nazionali di Frascati of the INFN and Tor Vergata
University. This project aims to characterize for palaeoclimatology studies the
inorganic insoluble amount of particulate trapped in Antarctic deep ice cores through
the X-rays absorption and the X-ray Fluorescence techniques. The ultra-pure solutions
prepared contain extremely low concentration (about 10-100 ppm) of dust contained in
deep ice cores so that the microdrop technique may increase considerably the density
and uniformity of the samples. The deposited patterns allow to control the size of the
samples to optimize the experimental layout and to reduce the exposition time [6].
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In thin films, the Raman peak position is redshifted and asymmetrically broadened
with respect to bulk materials. The dependence of Raman peak position on film
thickness gives possibility to employ Raman spectroscopy for thickness measurements.

The phonon confinement model [1] provided quite good agreement between predicted
and measured Raman peak position and shape. However, the theory introduces a
parameter a, which has an arbitrary and motiveless value [2]. In phonon confinement
model formula, the film thickness, L is a part of the combination a/L* and
consequently, its value inherently depends on the value of the o parameter. The
uncertainty of the value of the parameter o makes application of PCM for independent
nanoparticle size determination impossible.

Precise solution, which gives the film vibration modes and their coupling with light, is
extremely comprehensive. However, it is possible to qualitatively describe the
discretization of nanoparticle vibrations and how the discretization affects the Raman
spectra of nanoparticles.

Minimal possible wave vector differs from zero by

T
Ag =7 (1)

where L is the thickness of the film. The shift of wave vector leads to the downshift of
maximal frequency (Fig.1) of vibrations by

n2a’B )
w=____ 5.
2(L+a)? @

In the equation above, constant B characterizes the dispersion of phonons at I" point of
Brilluin zone.

Due to small thickness of nano films, this shift is not negligible. Hence maximal

frequencies of vibrations in thin films are less than those in bulk material. This effect
completely explains the red shift of the Raman peak position in nanoparticles.
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Figure 1: Schematic vibrational spectrum of nano film. Solid line stands for
dispersion relation for the optical phonons in bulk material. Actual frequencies of
vibrations of film are shown by circles.

Equation (2) straightly relates the frequency shift and the film thickness and contains
no arbitrary parameters. The proposed approach will find various applications in nano
films thickness measurements.
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Graphene nanoribbons (GNRs) are an ideal system to study electronic transport
phenomena in the coherent regime due to the extremely long mean free path and
coherence length of charge carriers [1]. In analogy with subwavelength optics, the
coherent transmission of electrons through narrow constrictions within such ballistic
ribbons gives rise to interference phenomena [2]. Graphene nanoconstrictions (GNCs)
are a central building block of future carbon electronic devices. However, the synthesis
of constrictions with well-defined edges is challenging.

Here, we use the tip of a scanning tunneling microscope (STM) for the local etching of
graphene, which allows to define GNCs with variable dimensions of down to 1 nm (see
Fig. 1 (a)). The GNCs are etched into fully ballistic graphene nanoribbons hosted on
the sidewalls of SiC mesa structures [1]. Due to the highly precise etching technique as
well as the exceptional electronic quality of the graphene (e.g. mean free path > 10
um), this system is ideal to study coherent transport phenomena. Therefore, the
transport characteristics of constrictions with various dimensions are recorded by
means of a variable temperature 4-tip-STM.

Electron interference at the abrupt graphene interfaces gives rise to characteristic
conductance peaks and transport gaps which are shown in Fig. 1 (b). Their appearance
is described by a tight-binding and recursive Green’s function approach which
especially highlights the robustness of the resonances features against temperature as
well as disorder [3].
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Fig. 1. a) STM images of the top, center and bottom part of the cut etched into a sidewall
graphene nanoribbon. b) Differential conductance across a GNC with length L = 6 nm and
width W =2 nm for temperatures between 7= 28 K and 300 K.
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Long range ordered ultrathin oxide (UTO) films formed in a completely oxidized or a
partially reduced form with determined stoichiometry are recently the subject of
intensive experimental and theoretical work because of their technological importance
in the fabrication of different supported or self-supporting 2D materials like oxides,
graphene, di-chalcogenides or polymers[1].

We have studied the atomic structure of “pinwheel” TiO-;, ultrathin oxide (w-TiO-
UTO) layer and its reaction with gold by STM imaging and Density Functional Theory
(DFT) calculations. The UTO film was formed as an encapsulation layer on the top
facet (111) of stripe-like Rh nanoparticles supported on a TiO»(110) substrate. For
proposing a structural model, the previous photoelectron (XPS) and ion scattering
spectroscopy (LEIS) results were taken into account.

DFT calculations were carried out within the generalized gradient approximation
(GGA-PBE) in the frame of the Quantum Espresso code [2]. A Rh(111) slab of 4
layers with a TiO;.14 overlayer and a Rh-Ti-O stacking sequence were used. In the
starting model, the ratio between hcp and fcc sites filled with Ti atoms was 1.54 (the
same value for O atoms was 2.2) on the top of Rh layers. The simulation of the STM
images of the relaxed structure was done following the Tersoff-Hamann
approximation.

The main structural characteristics obtained experimentally were successfully
reproduced in the simulation results: (i) the chemical contrast appeared as a pinwheel
structure; (ii) compared to an ideal hexagonal lattice, characteristic local distortions
were found in the UTO film. In harmony with the experimental results, the DFT
calculations of the adsorption of a single Au atom on a w-TiO-UTO layer indicated
that there is a characteristic site-preference within the unit cell of the UTO film. This
feature was also experimentally demonstrated for the early stage of the deposition of
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Au at room temperature suggesting a moderate template effect adjusted by the
pinwheel structure.
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Drug therapy is always accompanied by undesirable side effects, because the drug
spread out and affect to healthy tissues and organs as well. One of the ways to reduce
the side effects is to develop a system that deliver a desired amount of the drug to a
diseased part directly. The system is known as a drug delivery system (DDS). The
construction of the DDS requires the technology to encapsulate the drug and release it
around the diseased part. Lipid bilayer vesicles, so-called liposomes, are typical DDS
materials. However, liposomes are not very stable because all the lipids are connected
via van der Waals interactions. As a result of this low stability, sometimes liposomes
cannot reach the diseased part intact. There is a pressing need to develop more stable
liposomes capable of encapsulating the drug. Recently, cerasomes, i.c., liposomes
featuring surfaces reinforced with a siloxane bond network, is developed[1]. Figure 1
shows a chemical structure of a cerasome lipid. It is shown that a cerasome can
encapsulate the drug and is much more stable than liposomes. Thus, cerasomes are
promising materials for DDS. However, the improvement in stability is accompanied
by a difficulty in opening the capsule. Breaking the chemical bonds of a cerasome
surface requires information about its microstructure and electronic states, although the
microscopic properties of cerasomes remain unclear.

In the previous work, we construct a simple cerasome model as shown in Fig. 2 to
investigate the electronic structures of its surface. Comparing the electronic structures
of the membrane model with that of the molecule, we reveal that there are mid-gap
states in the membrane model that are not in the molecule. These mid-gap states
consist of antibonding states of Si-C bonds that connect the siloxane network and
organic parts of the lipid[2]. The existence of the antibonding states in the gap
indicates that there is a possibility to break cerasomes with some electronic excitations
in the system. However, the previous model is extremely simple, we assume perfect
siloxane network, although there are many O and OH groups on the surface of actual
cerasomes. The purpose of this study is to investigate effects of surface substituent
groups on the electronic structures of the cerasome model.

We introduce some O™ and OH groups on the surface of the model and calculate the

electronic strucutres. All calculations are carried out using the first-principles method
based on density functional theory. It is revealed that the energy of the mid-gap states
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is modulated around 0.2 eV, but still in the HOMO-LUMO gap of the lipids. This
result indicates that we can expect that the mid-gap states valid for the realistic
cerasomes.
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Figure 1: Chemical structure of a cerasome lipid.

(a)

Figure 2: Schematic picture of a cerasome model, (a): side view and (b): top view.
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Thermal oxidation of Si surfaces under the non-equilibrium conditions were used to
form a high-quality Si oxide films and/or enlarge the oxidation rate. For example, rapid
thermal oxidation (RTO) is performed under the raising the temperature, and then thick
oxide can be formed without preventing the dopant diffusions [1]. In addition,
oxidation rate of RTO process is faster than that of constant temperature oxidation
though the highest temperature of RTO is as same as that of constant temperature
oxidation [2]. Based on the these knowledges, it is predicted that the oxidation rate can
be quickened even by increase of the O, pressure. In this study, the increased O»
pressure dependence of the interface oxidation rate which proceeds contentiously after
the surface oxidation was investigated using real-tile Auger electron spectroscopy.

The oxidation experiments were performed using real-time RHEED-AES apparatus
placed at Tohoku University. The time evolution of O KLL Auger electron intensity
(lokir) was used for estimation of oxidation rate. The clean Boron doped p-type
Si(001) surfaces were oxidized and covered with oxide at 400°C under the O, pressure
of 1.5x10°° Pa. When the clean surfaces were completely covered by the oxide, the O,
pressure was elevated from 1.5x10 Pa to Poa(int). The Poy(int) was changed between
3x10% Pato 3x107 Pa.

Figure 1 shows the time evolution of /okir during oxidation. The completion of surface
oxidation is estimated from the saturation of Jokir, and it is 3000 s. Then, O, pressure
is increased up to Poa(int) = 1.5x107 Pa and it is found that the interface oxidation is
enhanced. Here, the oxidation rate at the initial stage of O, pressure increase is
obtained from the differential of lokir. Pox(int) dependence of the oxidation rate is
summarized in Fig. 2 by closed circles. The open circle indicates the oxidation rate at
the constant O, pressure at 1.5x10° Pa. It is found that the O, pressure increase makes
the oxidation rate fast. In addition, the interface oxidation rate is proportional to the
square root of Poa(int).

This results cannot be explained using traditional oxidation models, because the result
the oxidation rate is proportional to the square root of Po(int) indicates interface
oxidation rate is limited by O, diffusion through oxide, but oxide is much thinner than
1 nm. To explain these results, we propose the new interface oxidation model named
“Unified Si oxidation model mediated by point defects” [3].
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Figure 1: (a) Time evolution of O KLL
intensity during oxidation on Si(001)
surfaces. The O, pressure is increased at end
of surface oxidation (t = ~3000 s). (b) Time
evolution of O KLL intensity after
increasing O2 pressure. The oxidation rate
is obtained by differential of simulation
shown by solid line.
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Two model catalytic metal/oxide systems were investigated by photoelectron
spectroscopy and scanning tunneling microscopy, at the Materials Science Beamline at
Elettra synchrotron light source in Trieste and in the Surface Physics Laboratory in
Prague, respectively.

The mixed-oxide support was a cerium tungstate epitaxial thin layer CesWO;2(100)
grown in situ on the W(110) single crystal as recently reported in [1] and references
therein. Active particles consisted of high-purity palladium and platinum deposited in
situ by physical vapor deposition on the tungstate surface at 300 K. Step-wise growth
in the range approximately 0.1 to 1 monolayer was studied by photoemission on core
level and valence band spectra utilizing monochromatized synchrotron radiation and
conventional laboratory X-ray source.

Both metals were found to interact weakly with the oxide support and the original
chemical state of both support and metals was mostly preserved, i.e. stoichiometric
mixed oxide CesWO,, and metallic Pd or Pt. The evolution of the photoemission
spectra acquired after each deposition step suggested the Volmer—Weber growth mode
(i.e. 3D islands) of the transition metals on the cerium tungstate surface.

Early stages of the metal growth were then studied by scanning tunneling microscopy
in order to directly reveal the surface morphology at submonolayer coverage (1 and 5%
of monolayer). Although the oriented growth of the islands was not observed, the
micrographs clearly confirmed the growth mode suggested by the photoemission in
real space.

The last step of the performed experiments was the step-wise in situ annealing of the
prepared samples up to 700 K, giving two important results: (i) a fair thermal stability
of the metal/cerium tungstate model thin films was observed, as only a partial
coalescence of the metallic particles (deposited at 300 K) was detected; and (ii) self-
cleaning of the surfaces from impurities occurred. These impurities were represented
mainly by CO molecules adsorbed from the residual gas during the course of the
experiments, as both Pd and Pt are known to be extremely reactive towards CO.
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Already at 300 K these CO molecules partially dissociated into C and O. Molecularly
adsorbed CO left the surface after the annealing at 500 K while the residual graphitic
carbon from the dissociated CO disappeared at 700 K, leaving the surface completely
free of impurities.

The described results are currently being thoroughly analyzed and prepared for
publication [2].
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Figure: Palladium or platinum growth on CesWO,2(100). (a) Pd 3d photoemission spectra,
(b) Pt 4f photoemission spectra, (c) growth model, (d) scanning tunneling micrograph of the
Pt islands, overview 120x120 nm?, (e) detail 30x30 nm?; square-like structure of the
substrate can be seen.
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Physical properties of semimetal bismuth (Bi) have been attracting much interest due
to a strong spin-orbit coupling, a large Fermi wave length, and a small overlap between
valence and conduction bands. Especially, the metallic surface states with spin
polarization [1] on Bi have been extensively studied as an promising candidate for
energy-efficient electronic and spintronic applications [2]. One-bilayer (BL) of Bi(111)
film is predicted to be an elemental two-dimensional topological insulator (TT) and
possesses well-localized topological edge states [3]. The Edge states have been
confirmed experimentally despite of the complicated features due to the hybridization
with the surface state of BixTes; and Bi(111) substrate [4]. It has been also reported that
the one- and two-BL Bi(110) films become two-dimensional TIs if the buckling is
removed [5]. The buckling is suggested to be controllable via substrate induced strain
and charge doping. In order to elucidate the topological property of ultrathin Bi films,
it is indispensable to identify their atomic arrangement and the two-dimensional band-
dispersion over the whole Brillouin zone. In addition, it is also important to elucidate
the electron dymnamic in the unoccupied energy region. In this work, angle-resolved
photoemission study with synchrotron radiation and time-resolved two-photon
photoemission study have been conducted on ultrathin Bi(110) films grown on
epitaxial graphene to identify the electronic band dispersion and excited electron
dynamics.

Experiments were performed at Saga University beamline BL13 in Saga Light Source.
Bi was deposited onto an tri-layer graphene epitaxially grown on a 4H-SiC(0001) at
100 K. To enhance the film quality, the two- and three-BL films were briefly annealed
at 300K and 380K, respectively. We have used photon energies of 70 and 15 eV, for
core-level and valence band photoemission measurements, respectively. The
fundamental and frequency-tripled light of Ti:Sapphire laser have been used as pump
and probe light on the time-resolved two-photon photoemission measurement. All
photoemission measurements were performed at 40 K.

Figs. 1(a) and (b) show the observed LEED patterns at graphene substrate and Bi film
with the coverage of 0.38 ML, respectively. In addition to the spots corresponding to
graphene, SiC, and buffer layer with 633 super structure, pairs of spots are located on a
circle with a radius of about 1.9 A" after the deposition of Bi. These pairs correspond
to the alignment of Bi[-110] along the armchair of graphene with small tilting to form
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six domains with respect to three armchair direction of graphene. This assignment is
also supported by two-dimensional mapping of photoemission spectra.

The intensity map of angle-resolved photoemission spectra along /72X, direction of one-
BL Bi(110) film is shown in Fig. 1(c). The overall features fit well with the calculated
band-structure of corresponding Bi(110) BL films and resemble those on Bi(110) films
grown on HOPG [6]. The bilayer growth of Bi(110) films can also be confirmed by
absence of Dirac-cone like feature at M point, which is commonly predicted by band
structure calculation for odd number of Bi(110) layers. The transient 2PPE profile of
one-BL film is in Fig. 1(d). It has been found that the time constant of 2PPE profile
depends on the energy and the film thickness.
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Figure 1: LEED patterns of tri-layer graphene substrate (a) and Bi coverage of 0.38 ML (b)

at Ei=45.1 eV. (c) The intensity map of angle-resolved photoemission spectra along /X,
direction of one-BL Bi(110) film. (d) Transient 2PPE profile of one-BL Bi(110) film.
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Recently, nano-scale graphene nanoflakes (GNFs) have attracted great attention as one
of the promising materials for electronics and spintronics. Kim et al. have successfully
fabricated GNFs with various sizes up to 40 nm and have reported that the
photoluminescence property of GNFs depends on their size and edge shape [1]. From
the theoretical points of view, the structural stability and the electronic properties have
been theoretically studied for GNFs with zigzag or armchair edges [2]. However, we
have not yet acquired the systematic comprehension with regard to effects of the size
and the edge shape of GNFs on the stability. In the present study, we have examined
how the stability of GNFs is determined by the size and the type of edges using first-
principles calculations within the density functional theory.

In order to evaluate the stability of GNFs, we calculated the edge formation energy
using the following equation:

1
Eedge = ?(Ecluster - nC EC - nH/uH)

1

g ( Ebenzene - 6 EC)

where T is the number of C atoms at the edge, Eciuster, £c, and Epenzene are the total
energies for GNFs, for graphene per atom, and for benzene, nc and ny are the numbers
of C and H atoms in GNFs, uc and uy are the chemical potentials of C and H atoms,
respectively. We consider GNFs with the six-fold symmetry (Den) and classify them
into zigzag GNFs (ZZGNFs) and armchair GNFs (ACGNFs). ACGNFs have two
subtypes, AC(1) and AC(2), depending on whether carbon atoms are just at the corner
of the outermost envelope hexagon of GNFs (see Figs.1(b) and 1(c)). We define the
edge purity as the ratio of the number of carbon atoms at the edge unambiguously
regarded as the armchair to the total number of edge atoms. The purity of AC(1) is
higher than that of AC(2). The chemical formulae associated with ZZ, AC(1), and
AC(2) are Cen’Hen, Cign’-1snrsHi2n-6 and Cisn®30n+12H120-12, Tespectively.

Figure 1(d) shows the edge formation energy of the GNFs having up to 1200 carbon
atoms as a function of the number of edge carbon atoms. The formation energy of
ZZGNFs is higher than that of ACGNFs irrespective of the size of GNFs. This
instability of ZZGNFs is attributed to the presence of the so-called edge state. Indeed,
it has also been shown that the formation energy of the zigzag graphene nanoribbon is
higher than that of the armchair one [3]. It is noted that AC(2) is slightly more stable
than AC(1), whereas the purity of AC(2) is lower than that of AC(1). Such peculiar

Hy =
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stabilization can be reasonably explained in terms of the aromaticity of GNFs. Figure
1(e) shows the Nucleus Independent Chemical Shifts (NICS) averaged for the six-
membered rings in GNFs. The NICS value of AC(2) is lower than that of AC(1). This
means AC(2) is more aromatic than AC(1). We concluded that the structural stability
of GNFs depends on whether the edge state is present or absent, and is also dominated
by the aromaticity of GNFs.
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Fig. 1 Structure of GNFs, (a)CssHis(ZZ), (b) Ca2Hig (AC(1)), (¢) CssHos (AC(2)), (d)The
edge formation energy of GNFs as a function of the number of edge carbon atoms. (¢) NICS
averaged for the six-membered rings in GNFs as a function of the number of benzene rings.
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Transparent conductive oxide (TCO) layers are an important component of a number
of electronic devices including light emitting diodes, thin film solar cells and touch
screens [1]. Thin film solar cells became more popular in recent years because of low
materials usage, decreasing prices and very effective recycling. In applications of TCO
in solar cells structures, films with good transparency (>80%) and low resistivity (~10
Q-cm) are required.
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Figure 1: The dependency of sheet resistivity on magnetron power

One of the thin film technologies used to prepare TCO films is magnetron sputtering, a
physical deposition method known for high deposition rate, lack of impurities, good
control of composition and thickness as well as homogeneity of the obtained structures
[2,3].

In this work ZnO:Al layers were deposited on clean soda lime glass by using RF
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magnetron sputtering system Aliance Concept AC 450 from ZnO target (99.9 %
purity) doped with AlLO; (2.5 wt.%). We studied the influence of deposition
parameters such as substrate temperature, pressure in the deposition chamber and
power on the thickness and quality of the obtained layers. Good quality, homogenous
layers of more than 80% transparency were obtained by magnetron sputtering in room
temperature. The increase of magnetron power results in the conductivity improvement
(Fig. 1), growing size of agglomerates and higher thickness of the layers.
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