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In this work we propose a realistic model of nanometer-thick SiC/SiO, core/shell nanowires (NWs) using

a combined first-principles and experimental approach. SiC/SiO, core/shell NWs were first synthesised by

a low-cost carbothermal method and their chemical-physical experimental analysis was accomplished

by recording X-ray absorption near-edge spectra. In particular, the K-edge absorption lineshapes of C, O,

and Si are used to validate our computational model of the SiC/SiO, core/shell NW architectures,

obtained by a multiscale approach, including molecular dynamics, tight-binding and density functional

simulations. Moreover, we present ab initio calculations of the electronic structure of hydrogenated SiC

and SiC/SiO, core/shell NWs, studying the modification induced by several different substitutional defects

and impurities into both the surface and the interfacial region between the SiC core and the SiO, shell.

We find that on the one hand the electron quantum confinement results in a broadening of the band gap,
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1 Introduction

In recent decades, the discovery and synthesis of novel silicon
(Si) nanostructures, such as Si dots and nanowires (NWs), have
contributed to the rapid advancement of nano-science and
nano-technology’ to produce e.g. small transistors,” light emit-
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while hydroxyl surface terminations decrease it. This computational investigation shows that our model of
SiC/SiOy core/shell NWs is capable to deliver an accurate interpretation of the recorded X-ray absorption
near-edge spectra and proves to be a valuable tool towards the optimal design and application of these

ting devices’ or spin qubits for quantum computers.*
Moreover, featuring one-dimensional (1D) geometry and high
aspect ratio at the nanoscale,” Si nanostructures brought
about fundamental interest in the scientific community to
study the effect of reduced dimensionality onto excitons
and electron-electron interaction.*” In particular, Si NWs
were found capable to achieve outstanding performances in
catalysis,® energy harvesting”™'® and storage,""'* chemical
and biological sensing,"*'* as well as application in bio-
medicine."?

However, while a wide range of remarkable characteristics,
most notably abundancy and the possibility of doping-induced
modification of the electrical properties, makes Si by far the
most widely used material for making electronics and opto-
electronic devices, silicon carbide (SiC) offers wider band gap,
larger critical electric fields and breakdown voltage, higher
thermal conductivity and maximum operating temperature.
These features make it probably the most promising alterna-
tive to replace Si in electronics devices working at high power/
frequency or under prohibitive conditions.'® Despite these
peculiar properties, the use of SiC in electronics is not wide-
spread. Major reasons for this are the high cost of
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with the oxides in microelectronics applications.

In particular, the synthesis of 1D SiC structures has
attracted great interest due to the possibility of combining the
material’s unique physical/chemical characteristics with low
dimensionality.*** The carbide mechanical properties are
enhanced in NWs, showing super-plasticity at low tempera-
ture® and higher strength so that they can be used for tough-
ening composite materials.”® Furthermore, SiC nanowires
show efficient electromagnetic wave absorption,”*® and their
electronic properties have been exploited to realize field effect
transistors®® and efficient field emission sources.>

One common feature of Si-based NWs, regardless of the
growth technique, is the presence of an amorphous silicon
oxide (SiO,) external layer coating the nanostructure.>® By
tuning the oxide layer thickness with respect to the SiC NW
diameter in a core/shell architecture®’* one can modify both
the electron emission®*** and the optical***®*” properties of
these systems. In addition, the SiO, layer offers facile strategies
to anchor organic molecules on the NWs’ surface by chemical
methods, paving the way for applications of functionalized
SiC/SiO, core/shell NWs in several fields, such as protective
coatings,*® biosensing®® or as hybrid nanosystems for bio-
medical applications.*®

In this regard, it has been shown that SiC/SiO, core/shell
NWs coated with light-absorbing organic molecules (so-called
photosensitizers) can be efficiently applied in anti-cancer
therapy using X-ray excitation,*® since the energy absorbed by
the X-ray excited inorganic NWs can be efficiently transferred
to the photosensitizer that generates highly reactive oxygen
species, which in turn have cytotoxic effects.*!

To exploit the intriguing and remarkable features offered by
SiC/SiO, core/shell architectures, one must characterize accu-
rately their chemical-physical properties, in particular by
investigating both the SiO, outer shell and the SiC/SiO, buried
interface, typically populated by defects, e.g. carbonaceous
contaminants, oxycarbides related to the carbide oxidation
process,*” and oxide impurities that can dramatically modify
and deteriorate the electrical properties of electronic and opto-
electronic devices.*>** In this respect, a variety of experimental
techniques have been routinely used to determine structural
and also chemical properties of the SiC/SiO, interface, such as
transmission electron microscopy (TEM),*> photoemission
electron spectroscopy (PES)***® and X-ray absorption near-
edge spectroscopy (XANES)."*° The latter, in particular,
revealed to be a powerful tool for investigating nanostructured
materials and inner interfaces.®”' However, state-of-the-art
computational investigations are limited to the crystalline
phases of SiC nanowires,”>>® while the SiC/SiO, interface is
modeled only in the case of regular geometries such as slabs
or nanodots.>”*® Furthermore, these models are not enough
accurate and realistic for shedding light on the many elec-
tronic and structural information enclosed in XANES spectra,
and to explain the absorption peak lineshape of several tran-
sitions arising from these structures. In order to obtain a
reliable picture for linking structural features to absorption

and the high density of defects at the interface
20,21
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peaks, a fully atomistic model of SiC/SiO, core/shell NWs,
including adventitious carbon, defects and contaminants has
still to be developed.

In this work, we thus analyse first the structural arrange-
ments and composition of SiC/SiO, core/shell NWs using
multiscale modeling; second, we investigate the electronic and
optical properties of these nanostructures characterized by
various defects and impurities by comparing ab initio simu-
lations of absorption spectra (XANES) with recorded experi-
mental data on in-house grown NWs to characterize these
systems and eventually validate our computational model.
This analysis led us to devise a realistic model of SiC/SiO,
core/shell NWs that includes the interface region between the
two different materials, that is the amorphous SiO, shell and
the SiC core nanowire. The synergic use of computational and
experimental tools delivers a comprehensive and more accu-
rate chemical-physical description of SiC/SiO, core/shell NWs,
paving the way towards their use in power electronics, nano-
medicine, and many other applications requiring high
endurance.

2 Experimental details

The SiC/SiO, core/shell NWs were grown via a bottom-up car-
bothermal method, based on the reaction between carbon
monoxide and the native oxide on (001) Si substrates, using
iron oxide as a catalyst.*"*® The core/shell structure of a single
NW with diameter of ~60 nm is represented in Fig. 1(a),
reporting the TEM axial and cross-sectional views. As a refer-
ence for the SiC/SiO, interface (SiC core NWs without shell),
the SiO, was fully removed from the as-grown NWs by etching
the substrates in hydrofluoric acid (HF) (1 : 3) aqueous solution
for an extended period of 60 min. NWs without SiC core
(denoted as SiO, NWs) were grown by omitting the carbon
monoxide precursor and are used as a reference for SiO,.

Synchrotron measurements were performed at the BEAR
beamline (BL8.1L) of the ELETTRA synchrotron facility (Italy)
and at the Spherical Grating Monochromator (SGM) beamline
of the Canadian Light Source, University of Sasketchewan
(Canada). The BEAR beamline provides a photon energy range
of 3-1600 eV with a resolution of E/AE ~ 3000 and an incident
photon flux (i.f.) of ~1 x 10° photons per s for C K-edge
studies, whereas the SGM beamline provides a photon energy
range of 250-2000 eV with the resolution of E/AE ~ 5000 for Si
K-edge (i.f. ~1 x 10" photons per s) and O K-edge (i.f. ~1 x
10" photons per s) measurements. XANES spectra were col-
lected from all three types of NWs, i.e., as-grown SiC/SiO, core/
shell, SiO, and HF-etched SiC NW ensembles that were main-
tained on the planar substrates.

The spectra were collected in total electron yield (TEY)
mode (i.e., drain current mode) in the energy range 270-320
eV, 510-570 eV and 1830-1880 eV corresponding to the C, O
and Si K-edge, respectively. XANES data were normalized to the
corresponding spectrum acquired on a photodiode at the end
of the beamline. The energy scale of each single spectrum was

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) TEM images adapted from ref. 36 and 63 of a SiC/SiO, core/
shell NW in axial view (left panel) and cross-sectional view (right panel).
(b) Computational model of a single SiC/SiO, core/shell NW; left panel
shows the NW unit cell side view (upper part) and top view (lower
panel); right panel shows a side view of the NW supercell obtained by
periodically repeating the unit cell along the rotational symmetry axis
direction.

re-calibrated taking into account the energy fluctuations of
characteristic absorption features measured on the refocusing
mirror and Au mesh, respectively.

3 Computational details
3.1 Modeling of SiC and SiC/SiO, core/shell NWs

The steps performed to obtain a fully realistic model of SiC/
SiO, core/shell NWs, similar to the typical structure shown in
Fig. 1(a), are the following: generation of the pristine SiC NW
core, passivation of the SiC NW surface with different chemical
elements, and creation of the SiO, outer shell by embedding
the SiC core. These three steps are described one by one in the
following sections.

3.1.1 Structure of the SiC core. The SiC nanowires (NWs)
were obtained by cleaving a cylinder out of a 3C-SiC supercell
along the [111] direction, which represents the growth axis in
our synthesis process. In particular, using a cubic cell with
lattice parameter a = 4.348 A for the 3C-SiC crystal structure,

This journal is © The Royal Society of Chemistry 2018
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one obtains a simulation supercell for the NW with an axial
periodicity of ay/3 = 7.5309A. The z direction identifies the
cylindrical symmetry axis of the NW (the cylindrical symmetry
is removed by coating with SiO,). The size of the calculation
supercell was chosen equal to 50 A in the transverse direction,
that is large enough to avoid spurious interactions between
periodic images, even in the case of the NWs with the largest
diameter (26 A). Pristine SiC NWs are forcefully characterized
by the presence of contaminants at the surface. The latter dra-
matically modify the electronic and optical properties of these
nanosystems.>>®® In the following section we thus thoroughly
assess these effects.

3.1.2 Surface passivation of the SiC core. Surface-related
states have a large impact in systems at nanoscale and appear
usually as intra-gap states.>® In particular, the terminations of
the dangling bonds present on the SiC NW surface can affect
dramatically the electronic structure and, thus, must be care-
fully investigated.

To perform the analysis of possible surface contaminants,
we have saturated the dangling bonds of C and Si superficial
atomic centers by using different atomic species and chemical
compounds, notably -H atoms and hydroxyl groups (-OH).
Indeed, oxidized OH-SiC NWs can help our understanding of
the SiC core/SiO, shell interface in the HF-etched SiC NW
samples, which consists of a thin layer of silicon
oxycarbides.*®

The optimized configurations of these saturated NWs were
obtained by using the Self-Consistent Charge Density
Functional Tight Binding (SCC-DFTB) approach, implemented
in the DFTB+ code suite.®’ To perform the DFTB structural
and electronic relaxations we used the Slater-Koster parameter
set matsci-0-3°> and we included the d-orbitals in the local
basis set of the silicon atoms, which are essential to achieve
accurate band gap and band structure (for further detail see
ESI, subsection 1.1%). Electronic structure simulations were
carried out in the unit cell using a 1 x 1 x 4 k-point grid
sampling. Forces among all atoms within the supercell are
relaxed below 0.05 eV A™".

In agreement with previous ab initio studies,>® we find that
the -OH termination is stable at the surface of the NW. This
configuration is more stable than that one with unsaturated O
atoms; moreover, -OH impurities are preferentially anchored
to the Si atom at the surface, presenting formation energies of
1.76 and 3.82 eV for the C-OH and Si-OH configuration,
respectively.>

In the case of -H passivation the band gap decreases by
increasing the size of the radius, and tends asymptotically to
the bulk value, which from our calculations is 2.3 eV (experi-
mentally the band-gap of crystalline 3C-SiC is 2.36 eV.®*
We notice that the band gap for a 1.2 nm diameter NW is
3.3 eV (see Table 1). This value is rather different from the one
obtained by using the full density functional (DFT) approach,
which is 2.7 eV, in agreement with previous DFT simu-
lations.>*”® Nevertheless, this difference is consistent with the
value of the 3C-SiC I' point energy gap (which is larger than
the fundamental band gap) found to be 1.41 eV from full DFT

Nanoscale, 2018, 10, 13449-13461 | 13451
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Table 1 Band gap of the SiC core NW terminated with —H atoms or
—OH radicals as computed by DFTB

Band gap (eV)

Radius (nm) -H sat. -OH sat.
0.6 3.30 2.55
0.9 2.79 2.10
1.3 2.52 2.05

calculations. DFTB band-gap (2.3 eV), possibly because of the
Slater-Koster parametrization, is very much close to the
measured band gap (2.36 eV) with respect to that obtained by
DFT. These findings make us confident that DFTB can be
safely used to describe the chemical-physics of the SiC NWs.
By passivating the superficial dangling bonds of the SiC NW
with -OH we find a similar behaviour of the band gap, mono-
tonically and asymptotically decreasing with the increasing
diameter (see Table 1).

The major finding of our electronic band structure simu-
lations (see Fig. S7 and S9 of ESIt for the NWs’ band structure)
is that both H-SiC and OH-SiC NWs turn into a direct band-
gap semiconductor, with the minimum distance between the
valence band maximum (VBM) and the conduction band
minimum (CBM) at the I" point. This change is basically due
to electron quantum confinement obtained by reducing the
system dimensionality from 3D to 1D. Nevertheless, the band-
gap calculated for the two terminations is rather different at
the same radius (see Table 1), that is consistently lower in the
case of ~OH termination.

This difference can be rationalized in terms of both chemi-
cal termination and quantum confinement. Indeed, these two
effects compete with each other and affect the electronic
behaviour of the nanosystem. Quantum confinement tends to
increase the band gap and largely influences systems mostly at
the nanoscale, as asymptotically the band gap must match the
bulk value of 3C-SiC almost independently of the surface ter-
mination. At small radius, we find that the Mulliken charge
distribution of the atoms close to the surface is rather homo-
geneous in the case of -H termination, while using -OH passi-
vation the superficial atoms are partially deprived of their
charge due to the high electronegativity of oxygen atoms (see
ESI (sub section 1.11)). Thus, surface states are more likely to
appear and to affect more significantly the -OH terminated
SiC NW, reducing the band gap with respect to the -H passi-
vated NW. Furthermore, we find that the band gap of the oxi-
dized OH-SiC NWs is free from defective states and that the
OH-SiC NWs are non-magnetic systems (see Fig. S6 of ESIf).

To reinforce our conclusions on the effects induced by
different passivations of the NW surface, drawn on the basis of
the Mulliken charge population analysis, we notice that also
the calculation of the HOMO and LUMO probability densities
(square modulus of the wavefunctions) of the H-SiC and
OH-SiC NWs may shed some light on the chemical-physical
modifications leading to the measured XANES spectral line
shape. Thus, in Fig. S10 and S11 of the ESI{ we plot the VBM
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and CBM real-space probability densities for the smallest
radius NW. In particular, we notice that in the case of -H ter-
minated NWs both the VBM (left hand side of Fig. S10f) and
the CBM (left hand side of Fig. S107) are localized in the core
of the NW, while in the case of -OH termination the VBM (left
hand side of Fig. S11%) is localized on the oxygen atoms and
the CBM (right hand side of Fig. S11}) remains mostly core-
localized. This different spatial distribution of the CBM and
VBM can be attributed to the strong electronegativity of the
oxygen atomic species.

In the following simulations we decided to use the 0.6 nm
radius SiC NW, due to the high computational cost for treating
larger wires. Furthermore, due to the fact that XANES is a
probe of the local environment, we expect that this model
system is sufficient to reproduce accurately XANES experi-
mental data.

3.1.3 SiC/SiO, core/shell nanowire. The amorphous SiO,
outer shell was built above the 0.6 nm radius SiC core by using
molecular dynamics (MD) with reactive potentials (ReaxFF®?).
In particular, the parametrization of the forces has been
chosen® to reproduce SiO, and SiC structures at different
stoichiometry. To perform these simulations we used the
LAMMPS code.®” The interface between SiC and SiO, was
created by saturating the C and Si dangling bonds protruding
from the surface of the SiC NW core with oxygen atoms, and
by adding Si-O groups in order to have Si tetrahedrally co-
ordinated with oxygen atoms (see Fig. S12 of ESI, sub section
1.2, for further details). In this way the number of bonds at
the interface is decreased by a factor 2.3 to better match the
density of stoichiometric SiO,. Finally, a MD run was per-
formed to optimize and rearrange the outer shell atomic con-
figurations, while the remaining dangling bonds were satu-
rated by means of hydrogen atoms. The final structure of the
model SiC/SiO, core/shell NW, reported in Fig. 1(b), has been
further characterized with respect to bond lengths and relative
angle distributions, finding a good agreement with the litera-
ture (for more details about structural modeling and character-
ization see ESI, sub section 1.2f, and sub section 1.3,
respectively).

3.2 Electronic structure simulations of the SiC/SiO, core/
shell nanowire

The SiC/SiO, core/shell NW model has been characterized by
computing the electronic band structure and the DOS using
SCC-DFTB. In Fig. 2(a) we report both the total DOS and the
local DOS (LDOS) obtained by projecting onto the atoms
belonging to different radial shells, which are represented in
dark brown in Fig. 2(b).

We notice that the LDOSs reproduce unambiguously the
different NW building blocks. Indeed, for R < 0.4 nm, which
means within the NW core, both the LDOS (red and green
curves in Fig. 2(a)) and the band gap correspond to those of a
SiC NW; for R > 0.84 nm the LDOS and the band gap are
related to those of amorphous SiO, (blue curve in 2(a)); finally
for R in the range 0.4-0.84 nm, corresponding to the interface
region, we find a shape of the LDOS (brown curve in Fig. 2(a))

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) DOS of our computational model of SiC/SiO, core/shell NW;
the upper panel (a) shows both the total Density of States (black line)
and the local DOS (LDOS) obtained by projecting the DOS onto the
atoms belonging to different radial shells; the three middle panels report
zooms of the top (bottom) region of the valence band (conduction
band); (b) NW radial shells (represented in dark brown) on which the
DOS projections are performed.

intermediate between the SiC core and the SiO, shell (i.e. VBM
reminds that of SiO,, whereas the CBM resembles that of SiC).

3.3 Simulations of XANES spectra

XANES experimental spectra were reproduced from ab initio
simulations using density functional theory. To perform these
calculations we used the XSpectra computer code,*® which
relies on the Quantum ESPRESSO suite.®® The input of the
approach implemented in XSpectra is basically the ground
state electron density. K-edge absorption spectra are computed
upon the knowledge of the electron density via the continued
fraction method and the Lanczos chain algorithm, tailored to
be used with pseudopotentials.®® The convenience of using
this approach is mainly due to its low computational cost, as it
is based on one only self-consistent DFT run and does not
require the explicit calculation of the empty states. The draw-
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back of this method is that one loses useful pieces of infor-
mation (e.g. symmetry) on the final transition states.

The absorption of X-ray photons results typically in a core-
hole, while the electron is promoted to an empty state. To
enable the pseudopotential approach, in which core electrons
are typically frozen, to describe this mechanism, one needs to
perform DFT simulations with pseudopotentials carrying an
inner hole, typically in the 1s state for K-edge absorption spec-
troscopy. Ultra-soft core-hole pseudopotentials, used to
perform XANES simulations, for treating the ionic core-valence
electron interactions in C, O, and Si atoms can be found in the
Quantum ESPRESSO database.”® The all-electron wavefunction
is then recovered via the projector augmented wave (PAW)
formalism.”" In particular, for the C pseudopotential we used
two projectors on the s and p atomic states, while for Si and O
we used two projectors for the s and p states and one for the d
state. After convergence tests (details are reported in ESI (sub
section 2t)), DFT simulations have been carried out using a
kinetic energy cut-off equal to 544 eV for wavefunctions and
four times as much for the electron density. A 1 x 1 x 2 k-point
sampling of the Brillouin zone was sufficient to obtain con-
verged energy and DOS below chemical accuracy.

XANES spectra are calculated in the dipole approximation,
thus due to symmetry K-edge spectroscopy probes only the
transitions from 1s to np or s/p-hybridized orbitals. Spectra
simulations were performed using a 1 x 1 x 4 k-point grid for
sampling the Brillouin zone. Three different polarization
vectors of the incident light were considered, that is one along
the NW symmetry axis (z-axis) and two perpendicular to it
(x and y directions). A dependence of the spectral signals on
polarization directions is expected in presence of radial an-
isotropy, e.g. for defected NWs. In all XANES simulations spec-
tral lineshapes have been broadened by a convolution with a
Lorentzian function having the half width at half maximum
constant at all energies and equal to 0.8 eV.

Numerical tests were carried out in the case of SiC crystals
and of SiC NW with -OH terminations. Good agreement of our
calculations with experimental measurements and similar
computer simulations®>** on these structures was found using
the above-mentioned computational parameters. These
encouraging results on SiC NW led us to use the model of SiC/
SiO, core/shell NW previously introduced to interpret our
experimental absorption data. More computational details on
XANES simulations are reported in ESI (sub section 2.17).

4 Results and discussion
4.1 Silicon K-edge XANES spectra

Before investigating the Si, O, and C K-edge absorption line-
shape of the SiC/SiO, core/shell NW, we start our analysis by
simulating the electronic and optical properties of the OH-ter-
minated SiC core. This configuration represents a simplified
model of the SiC core NW, which can be experimentally
obtained by completely etching away the silica outer shell (HF-
etched SiC NWs). In Fig. 3 we report the theoretical Si K-edge

Nanoscale, 2018, 10, 13449-13461 | 13453
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Fig. 3 Experimental Si K-edge XANES spectrum of HF-etched SiC core
nanowires (red), in comparison with theoretical XANES spectra of
(dashed line) an OH-terminated SiC core NW. Blue, khaki, and green
curves show the spectra originating from x-, y-, and z-polarized electric
fields, respectively.

spectrum (black dashed line) in comparison to our experi-
mental data (red line). Furthermore, in this figure we report
the spectral contribution to the total lineshape of the light
polarized along the three orthogonal cartesian directions: the
blue, khaki, and green curves show the spectra originating
from x-, y-, and z-polarized electric fields, respectively. The
total spectrum is obtained by averaging along the three polar-
ization directions. The experimental lineshape of the Si K-edge
exhibits five features A-E that are typically observed for 3C-SiC
thin films’>”* and HF-etched 3C-SiC NWs.>>” Differently to
previous reports, we observe an additional feature B* at 1847
eV that becomes only visible when the freshly etched sample
was immediately inserted into the UHV chamber. Longer
exposure to air leads to the disappearance of this feature (see
Fig. S20a of ESI}), suggesting that it originates from the SiC/
SiO, interface (i.e., before any re-oxidation appears). We notice
that the simulated spectra are in good agreement with experi-
ments, and they reproduce all the peaks denoted in Fig. 3. It is
noteworthy that the shoulder A (at 1841.5 eV in the experi-
mental spectrum) strongly depends on the polarization direc-
tion: it is well separated from the main peak B for x- and
y-polarized electric fields, whereas it decreases in intensity and
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appears as shoulder for z polarization direction. Moreover,
peak B* is more pronounced in the spectrum with the z-polar-
ized electric field. Overall, the theoretical spectral lineshape in
the z polarization direction agrees well with the experimental
one.

The peaks denoted as B, D, and E in Fig. 3 correspond to
transitions from the Si 1s orbital to hybridized states from
both Si and C. In particular, the main resonance (B peak at
1845 eV), and the peaks D and E at 1849 and 1867 eV, respect-
ively, can be attributed to the transition of Si 1s electrons to
orbitals that have lost their atomic character and arise by
mixing hybridized 2s and 2p orbitals of C and hybridized 3s,
3p, and 3d orbitals of Si.”> This combination is due to the
overlap between 3s, 3p, and 3d orbitals from Si and 2s and 2p
orbitals from C, which are degenerate as one can clearly see in
Fig. S6 of the ESLy

Theoretical interpretation of the Si K-edge absorption
spectra has been carried out by comparison with our experi-
mental measurements also in the SiC/SiO, core/shell NW. Both
simulated and experimental Si K-edge spectra, along with the
contributions resolved in the polarization directions of the
incident electric field, are reported in Fig. 4. Si atoms in
different chemical environments are present in the SiC core as
well as in the SiO, outer shell. Thus, theoretical spectra were
obtained by creating core-holes in two different locations of
the NW. In Fig. 4 the K-edge spectrum obtained via photon
absorption by Si atoms within the outer shell of the NW is
labeled as Si"! (black dashed line in the upper part of the
figure), while the spectrum labeled as Sif°™ (black dashed line
in the lower part of the figure) has been generated by creating
the core-hole in the Si atoms within the NW SiC core. The
Sifhell spectrum reports the features typical of silica, that is a
single main peak C' (see also Fig. S20 of ESI{).®® At variance,
the Sif’™ absorption spectrum is similar to that one obtained
in the SiC + OH NW (see Fig. 3). The pre-edge peak labeled as
A’ at 1842 eV in the experimental spectrum in Fig. 4 can be
unambiguously attributed to a contribution stemming from
the SiC core, since it cannot be found in the SiO, NWs without
SiC core (see Fig. S20b of ESIf). In general, the spectral line-
shape can be rationalized as the convolution of the signals
obtained by creating the core-hole in different locations in the
SiC core and in the SiO, outer shell. Nevertheless, a much
stronger contribution of the Sijr!l is visible. Taking into
account this feature, which can be understood by considering
that the TEY experimental technique probes mainly the
sample’s surface, good agreement is obtained between experi-
mental (red line) and theoretical spectral lineshape. Similar to
Fig. 3, the shoulder B’ at 1845.5 eV is strongly dependent on
the polarization direction (i.e., more pronounced for x- and
z-polarized electric fields), and the spectral lineshape of the
experimental data is mainly dominated by the theoretical one
of the Sif™!' in z polarization direction. We notice that the
main peak C' in Fig. 4 (at 1847 eV) is largely due to electron
transitions from Si 1s to a combination of Si 3p, 3d orbitals,
due to the selection rules (see Fig. S6 of ESIT for a symmetry-
resolved representation of the DOS).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Experimental Si K-edge XANES spectrum of as-grown SiC/SiO,
core/shell NWs (red), in comparison with theoretical XANES spectra
(dashed line) of a SiC/SiO, core/shell NW (without carbon defects). Sighet
and Sit°"® represent the absorption spectra obtained by creating a core-
hole in a silicon atom within the SiO, shell and the SiC core, respectively.
Blue, khaki, and green curves show the spectra originating from x-, y-,
and z-polarized electric fields, respectively.

4.2 Oxygen K-edge XANES spectra

The comparison between the theoretical O K-edge XANES
spectra (black dashed lines) obtained in our SiC core + OH
model NW and the experimental O K-edge XANES spectrum of
HF-etched SiC core NWs (red line) is reported in Fig. 5. In all
simulated spectra blue, khaki, and green curves show the fea-
tures originating from x-, y-, and z-polarized electric fields,
respectively. The two theoretical spectra (black dashed lines) in
the upper and middle parts of Fig. 5, labeled as -Si-O,H and
-C-OpH, correspond to spectral features originating from
different locations of the excited O atom on the NW surface:
on the one hand, O binds to Si (-Si-OyH), and on the other
hand to C (-C-O,H). We notice that good agreement between
experimental and theoretical data is found, with the main fea-
tures fully described by ab initio simulations using our NW
model. In particular, the main peak 3 at 536 eV is present in
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Fig. 5 Experimental O K-edge XANES spectrum of HF-etched SiC core
nanowires (red line), in comparison with theoretical spectra of an OH-
terminated SiC core NW (black dashed lines). The three theoretical
spectra with the relevant polarizations (blue, khaki, and green curves
show the spectra originating from x-, y-, and z-polarized electric fields,
respectively) refer to the —OH radicals attached to a silicon atom (upper
theoretical spectrum), to a carbon atom (middle theoretical spectrum),
and to unsaturated oxygen (lower theoretical spectrum).

both simulated spectra -Si-OH (x-polarization) and -C-O,H
(x- and y-polarization), whereas the shoulder 2 at 534 eV and
the features 4, 5 and 6 (at 540, 544 and 557 eV) are only repro-
duced by the -Si-OyH simulated spectra (contributions from y-
and z-polarization).

Finally, in the lower part of Fig. 5 we report the spectrum,
labeled as -C=O0y,, simulating the presence of unsaturated oxo-
carbons (carbonyl groups) on the SiC NW surface. The line-
shape, originating from O atoms that form double covalent
bonds with the adjacent carbon atom, explains the pre-edge
peak at 530 eV denoted by 1 in the experimental spectrum (red
line). The peaks in all spectra can be described in terms of
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electron excitations from the O 1s orbital to a mixing between
hybridized 2s, 2p orbitals of C or 3s, 3p orbitals of Si and the
2s, 2p orbitals of O.

In Fig. 6 we report the comparison between experimental
(red line) and simulated (black dashed line) O K-edge XANES
spectra of the SiC/SiO, core/shell NW. In addition, the lower
part of Fig. 6 shows the simulated spectra of -C=0}, carbonyl
groups on the NWs’ silica surface. The main features 2'-6' of
the experimental spectrum are all clearly visible in the theore-
tical spectrum without carbon defects, when the different
polarization contributions are summed up (blue, khaki, and
green curves show the spectra originating from x-, y-, and
z-polarized electric fields, respectively). This finding further
supports our computational model of the SiC/SiO, core/shell
NW. In particular, the main broad peak in the energy range
535-540 eV is split into two separate contributions, namely
into peak 2’ at 535 eV originating from the y- (khaki line) and
z- (green line) polarization directions of the incident light,
whereas peak 3’ at 537 eV originates from the x- (blue line)
polarization direction. Moreover, the shoulder 4’ visible at 541
eV is recovered by convolution of features present in all the

Intensity (arb. units)

530 540 550 560 570
Excitation energy (eV)

Fig. 6 Experimental O K-edge XANES spectrum of as-grown SiC/SiO,
core/shell NWs (red), in comparison with theoretical spectra (black
dashed line) of a SiC/SiO, core/shell NW (without carbon defects). In the
lower panel we report again the spectral features originating from un-
saturated oxygen. Blue, khaki, and green curves show the spectra origi-
nating from x-, y-, and z-polarized electric fields, respectively.
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polarization directions x, y and z. The broad features 5" and 6’
found in the experimental spectrum at 552.5 and 558 eV,
respectively, are present in all the three polarization directions
of the simulated spectra, but its lineshape can be mainly
understood by looking at the lineshape of the y-polarization
contribution (khaki curve).

A similar experimental lineshape of the O K-edge XANES
spectrum, iLe., a relatively broad resonance between 535-550
eV, but no pre-edge peak 1’ was previously observed in a SiO,
thin film (4 nm) thermally oxidized on SiC*° as well as in ther-
mally oxidized Si NWs.”® At variance, our SiO, NWs (grown
without SiC core) exhibit the same pre-edge peak at 530 eV
(see Fig. S21 of ESIT) than the SiC/SiO, core/shell NWs. It is
noteworthy that a different view about the origin of the pre-
edge peak 1/1' in O K-edge XANES spectra of SiO,-based
materials exists in the literature. For instance, in SiO, films
grown on SiC it has been assumed that it originates from
defect states such as O vacancies at the SiO,/SiC interface.*®
Furthermore, a similar pre-edge peak has been observed in
quartz,”” which has been assigned to the transition from the O
1s electron to the m* orbital states of O, molecules that are
induced by radiation damage from the X-ray beam with high
incident flux.”® At odds with this theory, we could observe the
pre-edge peak even during acquisition at very low flux (at BEAR
beamline, i.f. <1 x 10° photons per s, see Fig. $21 of ESIf),
thus, we can exclude any effects caused by radiation damage.
As in the case of O K-edge spectrum of HF-etched SiC core NW
(see Fig. 5) the pre-edge peak 1’ located at 530 eV in Fig. 6 can
be safely attributed to double bonded oxygen, e.g. belonging to
carbonyl groups (see simulated spectra of -C=0y, in the lower
part of Fig. 6). To further confirm this theory, we measured the
O K-edge XANES spectrum of NWs after surface functionali-
zation with an organic molecule containing carboxyl groups
(see Fig. S21 of ESIt). Indeed, we found an increase of the pre-
edge peak, supporting the idea that it originates from carbon-
containing (functional) groups such as carbonyl and/or car-
boxyl groups.”®

4.3 Carbon K-edge XANES spectra

The comparison between the C K-edge XANES simulated spec-
trum of OH-terminated SiC core NW (black dashed line) and
the experimental spectrum of HF-etched SiC core NWs (red
line) is reported in Fig. 7. The color code for the three orthog-
onal polarization directions of the incident X-ray photon beam
is the same as for the previously discussed Si and O K-edge
XANES spectra. To consider contributions stemming from the
SiC/SiO, interface, we simulated a typical carbon-related defect
(lower part of Fig. 7). In principle, this structure is created
when a Si atom in SiO, is substituted by a C atom, and
resembles a C atom in sp’ configuration corresponding to
SiO,C, species (ie., silicon oxycarbides indicated as grey-
shaded area in the structure in Fig. 7), which are typically
resistant to HF etching. We notice that the clusters represented
in Fig. 7 and 8 were cut out of the full simulation cell with the
only aim of zooming the several chemically different local
environments in which carbon atoms can be found in their

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Experimental C K-edge XANES spectrum of HF-etched SiC core
NWs (in red), in comparison with theoretical spectra (black dashed line)
of an OH-terminated SiC core NW. The simulated spectra in the lower
panel refer to residual silicon oxycarbides (grey-shaded area in the
structure) that remain as residuals at the SiC surface after etching the
SiOy shell. Blue, khaki, and green curves show the spectra originating
from x-, y-, and z-polarized electric fields, respectively.

binding to other atoms. These realistic binding conditions of
the carbon atoms within the different clusters, which are
embedded in the NW, are then used to disentangle the spec-
tral contributions of the single defects to the total lineshape.
Nevertheless, XANES spectra are calculated using the full simu-
lation cell.

Our experimental lineshape of the C K-edge XANES spec-
trum is in good agreement with previous reports for 3C-SiC
thin films®*®* and HF-etched 3C-SiC NWs.”>”> Apart from the
first feature I located at 284.5 eV, the theoretical spectrum
(without defects) reproduces well the experimental shape. In
our model of SiC core NW with —-OH termination, C atoms that
are not on the surface form sp® hybridized orbitals bonding
with Si atoms. We assign the spectral features in the near edge
region (energy range between 285 and 300 eV) to the dipole
transitions from the C 1s orbitals to o*-character bands
formed by the sp®-hybridized orbitals of C, tetrahedrally co-
ordinated with four Si atoms.”” At variance, the pre-edge peak
I can be attributed to the transition from the (sp®) C 1s atoms
at the SiO,/SiC interface (see lower panel in Fig. 7), where a
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Fig. 8 Experimental C K-edge XANES spectrum of as-grown SiC/SiO
core/shell NWs (red), compared to theoretical XANES spectra (black
dashed line) of SiC/SiO, core/shell NW. The four spectra reported in this
figure are obtained by including several different carbon defects in the
shell, which are represented close to each corresponding theoretical
spectrum. Spectra originating from x-, y-, and z-polarized electric fields
are reported in blue, khaki, and green, respectively.

layer of silicon oxycarbides is typically formed due to the
growth process and conditions and remains as residual thin
(0.5-2 nm) layer around the SiC core.?®

It is noteworthy, that such a pre-edge peak I has been pre-
viously assigned in (HF-etched) 3C-SiC NWs to graphite-like ©*
states of sp” bonded carbon atoms.”” Although we cannot
exclude any contributions from C atoms in sp® configuration,
our findings strongly suggest that a strong contribution
originates from the silicon oxycarbides (in sp® configuration)
present at the SiO,/SiC interface.

Finally, in Fig. 8 we report the C K-edge XANES theoretical
spectra of the SiC/SiO, core/shell NW (black dashed lines)
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compared to our experimental data (red line). Here we report
four different simulated spectra corresponding to different
chemical environments, and thus different bonding, in which
C atoms can be reasonably found.*® Special emphasis was
drawn to simulate C atoms not only in sp® but also in sp* con-
figuration, since additional peaks in the C K-edge XANES spec-
trum of SiC/SiO, core/shell NWs have been associated to sp> C
defects present in or on the silica shell,”* similar to the SiC
case. The different coordination bonds are represented close
to the corresponding XANES spectrum in Fig. 8.

The upper theoretical spectrum in Fig. 8(a) is obtained
when an oxygen atom in the SiO, shell is substituted by a
carbon atom, ie., a sp’ configuration very similar to that
reported in Fig. 7 (upper panel) for the -OH terminated SiC
NW. The presence of additional different C defects corres-
ponding to the three lower spectra (b)-(d) in Fig. 8 could be
explained by the carbothermal process used in the present
study to synthesize the SiC/SiO, core/shell NWs, which inevita-
bly creates C inclusions/contaminants in the SiO, shell. The
additional defects studied in this work can be divided in two
classes, namely substitutional inclusions and surface contami-
nants. Within the first class belongs the substitution of an
oxygen atom in the shell with a -CH group (sp> configuration,
see Fig. 8(b)), the substitution of a Si atom in the shell with
two C atoms forming a double bond (sp”> configuration, see
Fig. 8(c)), and the substitution of a silicon atom in the shell
with a four coordinated carbon atom (sp® configuration, see
Fig. 8(d)), similar to the case in Fig. 7 (lower panel). The
second class of defects is characterized by the surface contami-
nation of carboxyl group (the relevant spectrum is reported in
the ESI (sub section 2.37)).

As can be seen, the theoretical spectrum in Fig. 8(a) mainly
reproduces the features II'-V’ of the experimental spectrum,
whereas the shoulder 0" at 283 eV and the main peak I' at 285
eV, respectively, are not present.

However, the theoretical spectrum of the sp> configuration
(b) in Fig. 8 indeed reproduces the shoulder 0’, whereas the
sp” configuration (c) in Fig. 8 contributes to the main peak I'.
The spectrum of the sp® configuration in Fig. 8(d) is once
again composed by a single main peak which gives a strong
contribution to peak I'.

Our detailed theoretical analysis for different configur-
ations of the SiC/SiO, core/shell NWs, while not claiming to be
exhaustive, demonstrates that the XANES experimental signals
are due to a variety of defects and that spectral lineshapes cru-
cially depend on the local bonding environment of the excited
atom, which must be carefully assessed.

5 Conclusions

SiC/SiO, core/shell NWs are very promising systems in a variety
of applications, ranging from energy harvesting to developing
novel methods for cancer therapy and diagnosis. To optimize
these procedures, an accurate characterization of the electronic
and optical properties of these novel structures via a synergic
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experimental and computational study is necessary. To the
best of our knowledge this work was aimed at developing for
the first time a realistic model of SiC/SiO, core/shell NWs,
relying on information gained both at experimental and
theoretical level.

SiC/SiO, core/shell NWs were synthesized via a low-cost car-
bothermal method. Structural features of these NWs were
investigated via the acquisition of XANES spectra in TEY mode
and their theoretical interpretation from ab initio simulations.
Our NW model, including defected sites and interfacial
boundaries between SiC and SiO,, reproduces remarkably well
the main features of C, Si, and O K-edge XANES spectra of
these structures arranged in several configurations and
stoichiometry.

Both optical and electronic characteristics, such as the
DOS, of these systems are crucially affected by two counteract-
ing effects, that is quantum confinement and surface termin-
ation. Quantum confinement, induced by the reduced dimen-
sionality of the wire with respect to bulk SiC, results into the
modification of the NWs band structure from indirect to direct
band gap, with a VBM to CBM distance inversely dependent
on wire diameter. Surface passivation of the dangling bonds
affects both the NW boundaries and the interfacial region. We
devised the presence of a variety of defects, such as substitu-
tional C, and different chemical coordination to obtain an
overall good agreement between simulated and experimental
XANES spectral lineshapes at the Si, O, and C absorption
K-edge. This study demonstrates the crucial importance of
defective sites in affecting the electronic characteristics of SiC
NWs, so to avoid unintentional doping that hinders the devel-
opment of high-performance SiC-based field-effect transistors.

Finally, the realistic model of SiC/SiO, core/shell NWs pro-
posed in this combined experimental and theoretical study,
being able to deliver an accurate interpretation of the recorded
XANES spectra, demonstrates to be a valuable tool towards the
optimal design and application of these nanosystems in real
devices.
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A Novel Combined Experimental and Multiscale Theoretical Approach to
Unravel the Structure of SiC/SiO, Core/shell Nanowires For Their Optimal
Design

Tommaso Morresi, Melanie Timpel, Andrea Pedrielli, Giovanni Garberoglio, Roberta Tatti, Roberto
Verruchi, Luca Pasquali, Nicola Maria Pugno, Marco Vittorio Nardi and Simone Taioli

This supplementary information reports further computational details and experimental data on the top-
ics developed in the main text of this work, including: modeling of realistic SiC/SiO, core/shell nanowires
(NWs), simulation of XANES spectra based on these topologies, and additional XANES experimental spec-
tra.

1. Computational details on nanowire structural modeling

1.1. Influence of the radius size and of the surface termination on 3C-SiC nanowires

The SiC nanowires (NWs) were obtained by cleaving a cilinder out of a 3C-SiC supercell along the [111]
direction, which represents the growth axis in our synthesis process. The first observable that we assess is
the band gap of the SiC NW versus the diameter of the wire. In particular, three NWs with diameters of
1.2, 1.8 and 2.6 nm were modeled.

Figure S1: Transverse view of the three SiC core NWs investigated in this work. The NWs diameters are 1.2, 1.8, and 2.6 nm
respectively.

To study the electronic properties, we saturated the surface bonds with —H atoms or with —OH (hy-
droxyl) groups. Structural optimization and electronic band structure simulations were carried out by using
the SCC-DFTB method [I]. The total Density of States (DOS) of SiC NWs was computed and compared
to 3C-SiC bulk in Fig. to assess the influence of quantum confinement on the electronic properties. We
notice that for hydrogenated SiC NWs, the band gap tends to the bulk value, which is 2.3 eV from DFTB
simulations (experimentally is reported to be 2.36 eV).

Of course, the DOS of these nanoscale systems dramatically depends on surface termination. Notably we
obtain, as reported in Fig. [S3] a smaller band gap using —OH instead of —H to passivate the NW surface.
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Figure S2: Total DOS of the three different diameter (d) NWs saturated by —H atoms: a) d=1.2 nm ; b) d=1.8 nm; c)
d=2.6 nm; d) bulk system

These findings are in agreement with what reported in Ref. [2], where the authors observe a decrease of the
band-gap of Si/SiOs core-shell quantum dots moving from —H to —OH saturation. To explain this different
trend with passivating agents we perform a Mulliken charge distribution analysis. Mulliken charges of C
and Si atoms are plotted in Fig. [S4) and [S5| respectively.

We observe that surface atoms, in particular the carbon atoms in Fig. [S4] show a different behaviour
for different terminations. This effect influences the electronic properties, such as the band gap, and the
Projected Density of States (PDOS). The latter are reported in Figs. and We notice that p orbitals
of oxygen atoms contribute to the top of the valence band only in the —OH case, while the lower energy
conduction states for both —H and —OH terminations are mainly composed by p— and d— hybridized silicon
orbitals. This reduces the band gap in —OH terminated NWs.

In order to further investigate the effect on the electronic properties of passivating with —H and —OH
the SiC NWs we performed the calculation of the probability densities of the top of the valence band (VBM)
and of the minimum of the conduction band (CBM) in the smallest radius —H and —OH terminated NWs.
The plots (isovalue 0.0006 a.u.) of these probability densities (square modulus of the wave functions) are
reported in Figs. nd m We notice that both the VBM (left hand side of Fig. and the CBM
(right hand side of [S10|) are localized in the core of the —H terminated NWs, while for —OH terminated
NWs the VBM (left hand side of Fig. is strongly localized on the surface (notably on the oxygen
atoms) and the CBM (right hand side of Fig. remains localized in the NW core.

Finally, from our simulations we conclude that two main factors affect the NWs electronic properties:
quantum confinement and passivation. These two effects are counteracting: the first broadens the gap, the

2
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Figure S3: Comparison of the total DOS between d=1.2 nm (a,d), d=1.8 nm (b,e), and d=2.6 nm (c,f) NWs, saturated by H
atoms (a,b,c) and by -OH groups (d,e,f).

Figure S4: Mulliken charge distribuition analysis of carbon atoms (colored atoms) in the SiC NWs with diameters 1.2 (left
panel) and 1.8 (right panel) nm. In both figures the nanowire in the left hand side is —H terminated while in the right side is
—OH terminated. The charge scale starts from 3.6 (dark) to 4.4 (white).

Figure S5: Mulliken charge distribuition analysis of silicon atoms (colored atoms) in the SiC NWs with diameters 1.2 (left
panel) and 1.8 (right panel) nm. In both figures the nanowire in the left hand side is —H terminated while in the right side is
—OH terminated. The charge scale starts from 3.6 (dark) to 4.0 (white).

latter makes it smaller when a —OH termination is used instead of hydrogen. In the text of our manuscript
we thus carefully discuss these two mechanisms.
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Figure S7: Band structure of SiC NWs with diameter equal to 1.2 nm for —H (left) and —OH (right) terminations.
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Figure S9: Band structure of SiC NWs with diameter equal to 1.8 nm for —H (left) and —OH (right) terminations.
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1.2. Adding the silica shell to 3C-SiC NW core and the strategy for SiC/Silica interface modeling

To model the SiO, outer shell, we coated the 0.6 nm radius SiC core NW. This choice was basically
due to the large computational cost of dealing with wires of larger diameter. The LAMMPS program suite,
implementing molecular dynamics with reactive potentials (ReaxFF) tailored to reproduce realistic silica and
silicon carbide structures [3], was used to build the SiC/SiO, NW architecture. Nevertheless, an approach
purely based on molecular mechanics is not capable to deliver an accurate representation of the interface
between the SiC core and the silica outer shell. In particular, a major problem is related to the description
of the decreasing density moving along the radius from the SiC core to the SiOy shell. Indeed, the atomic
and bond density of the SiC core is much higher than that of silica shell and molecular dynamics cannot be
efficiently used to reproduce this effect. To overcome this problem, we decided to use an hybrid approach, in
which the bond density is manually decreased by a factor of 2.3 from 42 to 18, using a three-step procedure
as exemplified in Fig. This result is reached by saturating the SiC core surface dangling bonds (such
as those labeled a, b and ¢) with oxygen atoms (labeled 1, 2 and 3), by adding a three-coordinated silicon
atom (labeled 4) and a further oxygen atom (labeled 5) bound to silicon. This construction was performed
saturating 18 free bonds. The others 24 free bonds were saturated two by two, first with oxygen atoms (in a
similar way to the previous case), then inserting the Si-O group and finally bridging these three-coordinated
silicon atoms two by two with an oxygen atom.
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Figure S12: Interfacial bond density reduction procedure. Left panel: our strategy to reduce progressively the number of SiC
core surface bonds to that of silica shell can be divided into three steps. First, we saturate all the surface dangling bonds (for
example those of atoms indicated by a and c) by oxygen atoms (labeled 1,2,3). Second, a silicon atom (labeled 4) was placed
in the proximity of these oxygen atoms in such a way to be three-coordinated. Finally, a further oxygen atom (labeled 5) was
bound to silicon. Right panel: a transverse view of the NW core showing the bonds at interface.

As a further step, the silica outer shell was created on the top of the interfacial region by using molecular
dynamics. This procedure was accomplished by defining a 3 nm side periodic tetragonal cell surrounding the
SiC core and the interface (see Fig. [S13]). Moreover, silicon and oxygen atoms were added to the simulation
cell in 1:2 stoichiometric ratio to reach a density of 2.20 g/cm®. SiC and interfacial atomic regions were
clamped down while annealing the outer SiO, shell at 4000 K for 100 ps. Subsequently the temperature
was decreased to 10.0 K in 100 ps (using 1 fs timesteps). In the last step of our procedure both the SiC core
and the interfacial regions were released and the NW structure was further optimized by DFTB to reach
forces among atoms below 0.05 eV /A.
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Figure S13: Computational cell used to add the silica outer shell on the top of the SiC core. A number of silicon and oxygen
atoms were inserted in the 3 nm side periodic tetragonal box to obtain a mass density of ~ 2.20 g/cm®. Finally, the SiC/SiO,,
NW has been cut out with a proper choice of shell thickness.

Finally, the SiC/SiO, NW was obtained by deleting all the atoms that are distant from the wire symmetry
axis more then the desired radius. Dangling bonds at the shell surface and some other possibly left within
the NW, were passivated by hydrogen atoms.

1.3. Characterization of bond lengths and angles of the SiC/SiO, core/shell NW model

radial distance Si-O angle O-Si-O

Counts (arb. units)
Counts (arb. units)

1.21 1.312 1414 1.516 1.618 1.72 1.822 1.924 2.026 60 70 80 90 100 110 120 130 140 150 160 170 180

r[A] Angle (degrees)

Figure S14: Characterization of SiO, sample: on the left hand side we plot the distribution of a given radial distance between
Si and O atoms; on the right hand side the O-Si-O angles

Geometry characterization of the SiC/SiO, core/shell NW model was achieved by computing the follow-
ing quantities:

1. the bond length of Si-O bonds (SiC core keeps its crystalline structure)
2. the bond angles forming O-Si-O atoms



In the left hand side of Fig. we plot the distribution of a given radial distance between Si and O
atoms; on the right hand side the O-Si-O angles in the same sample. The peaks compare well with those of
silica [ [ [6].

1.4. Density of States of SiC/SiO, core/shell NW

While our SiC/SiO, NW computational model cannot be realistic due to the large dimensions of a real
NW, however provides interesting and reliable information on the electronic band structure of the system,
particularly obtained by analyzing the total DOS. Interestingly we notice that the SiC/SiO, NW show
a band gap equal to that of the same dimension SiC core NW saturated by —OH groups. This can be
rationalized by noticing that in the SiC/SiO, NW the very first layer in close contact to the SiC core
contains oxygen atoms. In Fig. we report both the total and projected (orbital-resolved) DOS. PDOS
will be useful in the interpretation of XANES spectra to identify the transitions.
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Figure S15: Total and Projected Density of states of our SiC/SiO; NW model

2. XANES spectra

2.1. SiC bulk XANES spectra simulations

X-ray absorption spectra of the C, O and Si K-edge of the SiC/SiO,, core/shell NW were investigated.
To perform these simulations we used the program XSpectra [7, [§], which is part of the Quantum Espresso
suite code [0]. XSpectra is able to simulate X-ray absorption dipolar cross sections from the pre-edge to
near-edge regions within the single particle approximation. We started our analysis by testing the C K-edge

9



absorption spectra in crystalline 3C-SiC [I0]. The geometric structure of bulk SiC used for these calculations
is reported in Fig.

Figure S16: Geometric structure of the 3C-SiC bulk cell, having a cell lattice constant of 8.696 A and containing 64 atoms

The pseudopotentials (PP) used in these calculations are listed in Tab. The DFT cut-off energy for
the wavefunctions was chosen 952.35 eV, while 3809.40 eV for the density.

Atom PP 1s-PP
C C.pbe-mt-gipaw. UPF C.star1s-pbe-mt-gipaw. UPF
Si Si.pbe-van-gipaw. UPF | Si.star1s-pbe-van-gipaw. UPF
0] O.pbe-van-gipaw. UPF | O.starl1s-pbe-van-gipaw. UPF
H H.pbe-rrkjus. UPF

Table S1: List of pseudopotentials used for the calculations of the XANES spectra.

In the left hand side of Fig. [S17] we report a comparison between our simulations and the experimental
data by Liu et al. [I0], while in the right hand side we compare our theoretical C K-edge spectrum with
that one obtained by Liu [10], finding an overall good agreement. In the right hand side of Fig. we
report the XANES spectrum of graphene.

%, exp. Liu et al + th. Liu et al. +
""‘"‘\\" th. this work th. this work
z 2
= .';‘ /M"mm...... = /\-
- e 2
E B _5 -/d" -
= = ]
5 il 5 ...
= z
= =1
280 285 290 295 300 305 310 280 285 290 295 300 305 310
Excitation energy [eV] Excitation energy [eV]

Figure S17: Left: comparison between experimental (from Ref. [I0], red curve) and our theoretical C K-edge adsorption spectra
of bulk SiC crystal (blue curve). Right: comparison between the theoretical (red curve) C K-edge adsorption spectra of bulk
SiC crystal (from Ref. [I0]) and our simulations (blue curve) .

The good agreement between our simulations and experimental measurements for 3C-SiC makes us
confident that the same parameters can be safely used to calculate the C K-edge adsorption spectra of a
SiC NWs.

10
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Figure S18: Left: Comparison between calculated C K-edge adsorption spectra of SiC+SiO; and of SiC4+OH nanowires.
Right: C K-edge absorption spectra of graphene. Differently colored spectra represent the contribution to the total absorption
spectrum of the three polarization directions

2.2. Nanowires XANES spectra calculations

Also in the case of SiC/SiO, core/shell NWs the presence of the above mentioned peak can be related
to sp? carbonaceous contaminations present in the SiO, shell, such as a carboxyl defect within the shell. In
Fig. We plot the K edge absorption spectra of our SiC/SiO,, core/shell NW model including this defect.

Experilmental
Theoretical - total
Theoretical - Z axis
Theoretical - Y axis
Theoretical - X axis

Intensity [arb. units]

280 285 290 295 300 305 310

Excitation energy [eV]

Figure S19: Experimental C K-edge XANES spectrum of as-grown SiC/SiO; core/shell NWs (red), in comparison with
theoretical XANES spectra from our SiC/SiO, core/shell NW model including a carboxyl defect within the shell.

We notice that by inserting carbonaceous defects in the shell the absorption spectrum presents a different
behaviour due to a changed chemical environment of the carbon atoms present in the structure.

2.3. Supporting experimental XANES spectra
Si K-edge XANES spectra of the HF-etched SiC NWs were recorded 1) immediately after the etching
process (see red line in Fig. [S20h), and 2) after longer exposure to air (about 60 days, see black line in Fig.
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S20p). It can be clearly seen that the feature denoted by B* at 1847 eV can be only detected when the
HF-etched NWs were immediately analysed after the etching process. In Fig. [S20p, the Si K-edge XANES
spectrum of Si0, NWs (without SiC core) is compared to that of as-grown SiC/SiO, core/shell NWs. It is
obvious that the pre-edge peak labeled as A’ at 1842 eV is only present in the SiC/SiO, core/shell NWs.
Therefore, it can be reasonably assumed that it originates from the SiC core. We notice that the total
electron yield (TEY) mode used to record the experimental XANES spectra is relatively surface-sensitive
(i.e., probing depth of a few nm). However, since the SiO, shell (average thickness of 20 nm [II]) of
our as-grown SiC/SiO, core/shell NWs can be locally thinner than 20 nm, we are able to detect a small
contribution of the internal SiC core.
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Figure S20: Experimental Si K-edge XANES spectra: (a) HF-etched SiC NWs, which were analysed immediately after the
etching process (red), in comparison with a spectrum recorded after longer exposure to air (black); (b) as-grown SiC/SiO
core/shell NWs (red), in comparison with bare SiO, NWs grown without SiC core (black).

Additional O K-edge XANES spectra of SiO, NWs and of (functionalized) SiC/SiO, core/shell NWs
were recorded (see Fig. to support the results from simulations that the pre-edge peak at 530 eV
mainly stems from unsatured oxygen. For instance, we can exclude any effects caused by radiation damage,
since the SiC/SiO, core/shell NWs exhibit the pre-edge peak even at acquisition with very low flux (<
1 x 10% photons/s) of the incident X-ray beam (see blue line in Fig. [S21). Furthermore, after surface
functionalization of the NWs with a porphyrin molecule via carboxylic acid functional groups (see red line
in Fig. , the pre-edge peak clearly increases. These findings support the idea that the pre-edge peak
originates from carbon-containing (functional) groups such as carbonyl and/or carboxyl groups.
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Figure S21: Experimental O K-edge XANES spectra of bare SiO; NWs grown without SiC core (red) collected with high
incident photon flux (i.f.), as-grown SiC/SiO, core/shell NWs (blue) collected with low i.f., and SiC/SiOz core/shell NWs
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