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Suboxide interface in disproportionating a-SiO studied by x-ray Raman scattering
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The microscopic structure of disproportionating amorphous silicon monoxide is studied by inelastic x-ray
scattering at the silicon Ly edge. This material arranges into nanocrystalline regions of Si embedded in
amorphous SiO, at proper annealing temperatures and in this work we demonstrate how the contribution of the
suboxide interfaces between these regions can be extracted from the experimental data. The resulting near-edge
spectra are analyzed in detail using a computational framework that combines molecular-dynamics simulations
and density-functional theory calculations. The results indicate that the amount of silicon atoms with oxidation
states between +1 and +3 is significant and depends strongly on the annealing temperature. Furthermore, the
presented s, p, and d-type local densities of states ((DOS) demonstrate that the most significant differences are

found in the p-type ¢DOS.
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I. INTRODUCTION

Silicon oxides are important materials for present day
semiconductor technology and for various potential micro-
electronic and optoelectronic applications.'> Amorphous
silicon monoxide (a-SiO) is of particular interest because its
black coal-like modification shows phase separation, i.e., dis-
proportionation to nanocrystalline regions of Si embedded in
a-Si0, under annealing.* It is well acknowledged that em-
bedding of crystalline silicon nanoclusters into silicon diox-
ide can significantly improve its luminescence properties.>®
Unlike bulk silicon with an indirect band gap, Si nanoclus-
ters embedded in SiO, show intense visible photolumines-
cence with wavelengths depending on the size of the
nanoclusters.” The origin of the phenomenon is intensively
debated and various explanations have been proposed.®~1° In
any case the important role of the Si/SiO, interface is ac-
knowledged and its structural characterization is of particular
importance.

According to the interface clusters mixture (ICM) model,
the native (i.e., not annealed) a-SiO consists of amorphous
regions of Si and SiO, that have diameters of less than 2 nm
and where a significant proportion of atoms are located in the
interfaces of these regions.* The silicon atoms within these
interfaces can have a variable number of oxidation states and
they are thus called suboxides. Under annealing at elevated
temperatures the Si and SiO, clusters grow along with inter-
face obliteration and eventually Si nanocrystals form. This
structural model is supported by several experimental
observations®!!1223 but the knowledge of the detailed struc-
ture especially at the interfaces remains ambiguous.

In this work we apply near-edge spectroscopy to study the
atomic structure of the internal suboxide interfaces in dispro-
portionating a-SiO. Near-edge spectroscopies, such as x-ray
absorption spectroscopy (XAS) and electron energy-loss
spectroscopy (EELS) as well as x-ray Raman scattering
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(XRS), are important probes of the local electronic structure
of a wide range of materials.'> XRS, i.e., inelastic x-ray scat-
tering from inner-shell electronic excitations, in particular, is
well suited for studying the electronic excitations of disor-
dered materials due to its bulk sensitivity, applicability under
extreme experimental conditions, and the unique information
provided by the momentum-transfer dependency.'* Our ap-
proach is based on separating the XRS spectrum into contri-
butions from excitations at nanocrystalline Si regions, at
amorphous SiO, regions, and at their interfaces. We employ
molecular-dynamics (MD)  simulations and density-
functional theory (DFT) calculations to analyze the interface
contribution in detail. The annealing temperature depen-
dency of the disproportionation shows significant structural
changes at around 900 °C and a high amount of suboxides in
the samples is found. Furthermore, the presented framework
provides a method to calculate XRS spectra from MD simu-
lations that can be directly compared with experiments and
therefore it can be used to verify the theory by experiment.

II. X-RAY RAMAN SCATTERING

In an inelastic x-ray scattering process a photon scatters
from the sample causing an elementary excitation in the ma-
terial. Within the first-order Born approximation the experi-
mental spectrum is proportional to the dynamic structure fac-
tor S(q, w), where q and w are the momentum and the energy
transferred to the sample, respectively (we use atomic units
in this work, i.e., m,=fi=e=1, except for the numerical val-
ues). In an XRS process an inner-shell electron is excited
from the core state to one of the unoccupied electronic states.
The cross section (and therefore the dynamic structure fac-
tor) carries information on the transition rates between the
core and unoccupied states. The highly symmetric and local-
ized nature of the inner-shell state enables the interpretation
of the spectrum in terms of the symmetry properties of the
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unoccupied states in the immediate vicinity of the excited
atomic site.'> One can also obtain detailed structural infor-
mation on the sample using computational methods that al-
low an accurate interpretation of the near-edge spectrum.
These properties have made XRS, and near-edge spec-
troscopies in general, very powerful tools for the study of
numerous problems in materials science.

The similarity of XRS and XAS is often acknowledged: at
low scattering angles both XRS and XAS probe dipole tran-
sitions and provide similar information on the sample. At
high scattering angles, that is, high-momentum transfers,
XRS probes also nondipole transitions and a more complete
picture of the electronic structure can be obtained. Because
the XRS experiments are carried out with hard x-rays (the
incoming energy is typically around 10 keV), the method is
insensitive to surface effects and no vacuum is required in
the experiments which also makes the measurements at ex-
treme conditions feasible.'® Even though the low scattering
cross section means that the experimental work has to be
carried out at synchrotron-radiation facilities, XRS has be-
come a powerful tool for numerous studies where experi-
ments using other techniques would be problematic.!’-%2
Concerning this work, the relatively low energy
(~100 eV) of the SiLyy edge would make its measure-
ment using soft x-ray absorption surface sensitive which can
obscure the information on bulk properties of the system.

A. Experiments

The details of the sample preparation and the experimen-
tal work are given in another publication?® and therefore only
a short review is presented here. The samples were prepared
by evaporation of a mixture of Si and SiO, at 1400 °C and
subsequent condensation at about 600 °C. The resulting na-
tive a-SiO samples were then annealed at temperatures 7,
between 725 and 1200 °C, grounded to powder and finally
pressed into pellets. The XRS experiments were carried out
at beamline XOR/PNC 20-ID of the Advanced Photon
Source using the LERIX spectrometer’* with an energy res-
olution of 0.6 eV. The incident-beam energy was 9.89 keV
and a set of spectra were measured with momentum transfers
between 2.4 and 10.1 A™!' (series A). In an earlier
experiment” we measured spectra for momentum transfer
¢=10.1 A~ for native and annealed SiO with an energy
resolution of 1.4 eV (series B). Here, also reference spectra
of crystalline Si and SiO, were taken. The background sub-
traction was carried out using the framework described in
Ref. 25 and the results of series A are shown in Fig. 1.

The evident T, dependency is due to the structural
changes that take place in the sample during annealing, i.e.,
the clusters grow by coalescence with concurrent obliteration
of suboxide interfaces. The interpretation of the annealing
temperature dependency is discussed in detail in Ref. 23. The
work here focuses on the interface contribution to the spec-
trum.

The total experimental spectrum of a fully disproportion-
ated SiO is similar to a sum of the Si and SiO, spectra. The
small differences observed for the native and annealed
samples (with 7,<1200 °C) reveal that part of the silicon
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FIG. 1. (Color online) The experimentally measured dynamic
structure factors for the different samples at (a) g=2.4 A~ and (b)
q=9.85 A~ The changes between 101 and 110 eV are due to the
decreasing suboxide content with the annealing temperature. The
high-momentum-transfer spectra were published originally in Ref.
23.

atoms are in a suboxide state. This is in line with the ICM
model, as was pointed out in Ref. 11. The suboxidic silicon
atoms lie at the interfaces and have oxidation states between
+1 and +3. Since XRS is a local probe, the admixture of
different phases results in proportional admixture of spectra
so that the experimentally measured dynamic structure factor
can then be written as

Sexp(@, @) = (1 = @) X Ssi15i0,(q. @) + a X Ssio (q, ),
(1)

where a is the proportion of the suboxidic Si atoms in the
sample, SSiox(q,w) is the spectrum of the suboxides, and
Ssi+sioz(q,w) is the sum of the spectra of bulk Si and bulk
Si0,, normalized to the same value.?® Our approach bases on
the assumption that the amount of silicon atoms at Si and
Si0, regions is equal, which implies that the average oxida-
tion state in the suboxide regions is +2. If this would not
hold the Eq. (1) would need to be generalized. We discuss
this case at Sec. III. Because the interface contribution be-
comes negligible at high annealing temperatures when the
nanocrystalline regions grow larger, the Ssa+5i02(q, w) can be

approximated by the spectrum of the sample annealed at 7T,
=1200 °C.?

B. Calculations

The most comprehensive interpretation of the experimen-
tal near-edge spectrum is typically obtained by a comparison
with calculated spectrum that provides a detailed picture of
the electronic structure behind the observed spectral features.
Various computational methods for simulating the
momentum-transfer-dependent XRS spectra have been de-
veloped during the last few years.?’=3!

In order to calculate the dynamic structure factor a struc-
tural model for the sample material, i.e., coordinates of the
atoms, is needed. The simplest model for the silicon subox-
ides is the five-atom tetrahedra SiSi,O,_,, where 1 =x=3*
This model lacks the effect of the other coordination shells
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FIG. 2. (Color online) The structure of the internal interfaces
was modeled by molecular-dynamics simulations (Ref. 36). From
the simulation snapshots (on the left) a set of small Si-centered
clusters (on the right) were extracted and then used for density-
functional theory calculations.

and in this work we use MD simulations to generate more
realistic structures, see Fig. 2.

1. Molecular-dynamics simulations

MD is a powerful tool for generating atomic configura-
tions that can explain many macroscopic properties of mate-
rials in terms of their atomic scale structure. However, the
simulation of phase transitions can be a very challenging task
when the relevant length and time scales are large.’>33
Hence, in the present work the MD simulation for a system
consisting of a silicon nanocrystal (with the diameter of 2.4
nm) embedded in amorphous silicon dioxide was carried out
to model the interface between the Si nanocrystal and
a-SiO,. Such an atomistic model can serve as a good ap-
proximation to the real suboxide interfaces in the dispropor-
tionating a-SiO. The approach is justified by the sensitivity
of XRS to the local electronic structure in the vicinity of the
excited atomic site. The approximation is that the local
atomic structure (e.g., bond lengths and angles) around Si
atoms is very similar in the two systems, despite the different
long-range order. For the calculations of XRS spectra we
extract small model clusters (~35 atoms) around the Si at-
oms in the interface. This gives a realistic compromise be-
tween the simple tetrahedron model and the actual dispropor-
tionating a-SiO.

The MD simulations were carried out employing classical
interatomic potentials®*3 that are able to describe bonding
of both the ideal structures and the coordination defects. A
detailed description of the simulation is given in Ref. 36. The
small clusters, centered around randomly selected Si atoms,
were extracted from MD snapshots by including the atoms
whose distance from the central site is less than 5.0 A.37 The
clusters were classified according to the oxidation state of the
central Si atom, i.e., the number of oxygens that are bonded
to it. In the bulk regions of Si and SiO, these numbers are 0
and 4, respectively, but in the interfaces the oxidation state
varies between 0 and 4. Also defects, i.e., atoms that do not
have exactly four neighbors, can appear. MD simulation in-
deed gives higher defect concentration than expected* for
a-SiO.
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2. Calculations of XRS spectra

The near-edge spectrum for each small model cluster was
calculated using the computational method presented for
XAS in Refs. 38 and 39 and its extension to XRS.3! Within
the quasiparticle approximation, the dynamic structure factor
can be expressed in the form

Noee N,

occ “Yunocc

S(q.w)= 2 X KfAe TP w+w—w),  (2)
i f

where the sums over i and f include all the occupied and the
unoccupied electronic states, respectively, and ; and w; are
their energies.'* The one-electron states are calculated by
DFT within transition potential approximation*’ and are ex-
pressed using localized Gaussian basis functions. In our cal-
culations the exchange and correlation was approximated by
a generalized gradient functional.*'*> Triple zeta plus va-
lence polarization basis sets were used except for the excited
atom site, for which II-IGLO and a set of delocalized diffuse
basis functions were used. To ensure the localization of the
inner-shell orbital, model core potentials were used for all
nonexcited silicon sites.*>*

The calculation neglects the spin-orbit coupling that
causes a 0.6 eV splitting of the Si2p level and therefore
some additional smearing of the spectrum. Because the core
hole can occupy any of the three 2p orbitals, individual cal-
culations were carried out for each of them. When setting the
half occupancy to one of these orbitals, their eigenvalue or-
dering changes and therefore the three calculations are not
independent. However, due to the similar nature (p-type
symmetry and the degree of localization) of the three orbitals
the three directionally averaged spectra are very similar (they
probe the same unoccupied states of the same symmetry at
the same region of space). As an example, the method has
been shown to give good results for the g-dependent Si Ly
edge XRS spectrum of Si0,.”

Another challenge for the calculations is the possible ex-
citonic nature of the main transition in the suboxides. The
Si Ly iy XRS near-edge spectrum of bulk silicon® is domi-
nated by an exciton peak that poses significant challenges to
DFT based computational methods.*® It is unknown if a simi-
lar feature appears also for the suboxides. To minimize the
sensitivity to this problem, we did not specifically focus on
the pre-edge region in the analysis. We found out that the
results presented in this work are not very sensitive to the
energy range used.*’

In order to gain more insight into the electronic structure
at the interface region, we carried out calculations for the
symmetry projected local density of unoccupied states'> for
each suboxide. These were obtained using the same frame-
work that was employed for spectrum calculations. In terms
of the Kohn-Sham orbitals ¢,(r) and their expression in
spherical harmonic basis, ¢,(r)=SmS! " (r)Y,,(F), the
local density of states is

lmax

¢DOS(E)= 2, 2, é

n =0 m=-I

Rmax
drr?|c),(NPSE - w,), (3)
0

where the sum over n includes the unoccupied electronic
states. R, determines the spatial region where the density
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FIG. 3. (Color online) The upper figures show the calculated
dynamic structure factors for the three different suboxides at (a) ¢
=23 A~ and (b) ¢=9.8 A~!. The calculations for two different
interface structural models (RB and MD, see the text) are shown in
the lower figures with (¢) g=2.3 A~! and (d) ¢=9.8 A~'.

of states is analyzed and a typical choice is the radius of the
Norman sphere of the excited site.*® In practice its exact
value only affects the absolute scale and the overall shape is
almost independent of it. In this work we use the value
1.22 A. The symmetry projected £DOS is found by includ-
ing only the corresponding / terms of the sum.

III. RESULTS AND DISCUSSION

After carrying out the MD simulations and extracting the
small clusters from the simulation snapshots, the calculations
of XRS spectra were carried out for each cluster and those
with the same oxidation state of the central Si site were av-
eraged. For each suboxide, 40-50 model clusters were ex-
tracted. To mimick the lifetime broadening, the XRS spectra
and {DOS curves were convoluted by Lorentzian line shape
using the full width at half maximum (FWHM) of 0.2 eV.
The spectra were also convoluted by Gaussian line shape to
account for the experimental resolution, i.e., FWHM
=0.6 eV for analyzing the results from series A and 1.4 eV
for series B. The total calculated suboxide spectra are shown
in Figs. 3(a) and 3(b) for two different momentum-transfer
values (the directional averaging of q vectors was carried
out). The chemical shift (features A) as a function of the
oxidation state is evident and also other features (B and C)
are clearly distinguishable. In particular, the position and in-
tensity of the main peak (feature C) of SiSi;O; is clearly
different to SiSi,0, and SiSi;O, (features B).

The calculated total suboxide spectrum Sgs (q,w) de-

pends on the relative weights of the suboxides w;,

3
$56.(0,0) = 2 w, S5, o (q,0). (4)
n=1

The weights w; are predicted by the different structural mod-
els for suboxide contributions. We used two different models,
namely, the random bonding (RB) model*** and the MD
model.?® The RB model suggests a binomial distribution of
the oxidation states, i.e., w;=w3=0.29, w,=0.43. The MD
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FIG. 4. (Color online) The symmetry decomposed local densi-
ties of unoccupied electronic states of the three suboxides. These
were calculated using the framework presented in Ref. 31 and they
demonstrate that the p-type ¢DOS is most sensitive to the oxidation
state. The average energy of the highest occupied molecular orbital
is =7.5 eV.

simulation carried out in this work gives the second estimate
for the proportions (w;=0.36, w,=0.13, and w3=0.51). The
higher amount of suboxides with the oxidation state +3 re-
quires a smaller contribution of SiO, compared to Si to fulfill
the sample’s overall 1:1 stoichiometry. This model predicts a
reduced weight of Si 2+ component and an increased weight
of Si 3+ component which gives a more realistic description
of the suboxide interfaces than the RB model, as suggested
by several experiments.>'? The calculated spectra are shown
in Figs. 3(c) and 3(d) which illustrates that the MD and RB
models give very similar spectra. Therefore the overall con-
tribution of the suboxides to the SiO XRS spectra can be
described using either model.

The origin of the spectral features can be traced back to
the local electronic structure in the vicinity of the silicon
sites, which is described by the local density of unoccupied
states. The €DOS curves (calculated in the presence of the
half core hole) for the three suboxides are presented in Fig. 4
which show that the p-type €DOS is most sensitive to the
oxidation state. This is related to the oxygen-silicon bonding
that involves O 2p and Si 3p states. The measurement of the
p-type €DOS from the Si Ly, edge requires dipole forbid-
den transitions which are enhanced at high-momentum trans-
fers.

Because the calculated suboxide spectrum is practically
independent of the chosen structural model (MD or RB), we
can use either one of them to determine the total amount of
the suboxides, i.e., the value for a in Eq. (1). It is determined
for each sample by a fitting procedure of the calculated and
experimental suboxide spectra, i.e., by minimizing the inte-
gral

120 eV
I(‘l) = dw|Sexp(qs w) - [(1 - a)
100 eV
X Ssirsio,(q @) + aSE?&(q, o). )

The reference spectrum Sg; +s1o2(q, w) is approximated for
series A by the spectrum of the sample annealed at T,
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FIG. 5. (Color online) The extracted suboxide contributions to
the total XRS spectra at (a) g=2.4 A" and (b) ¢=9.85 A~!, using
the amount of suboxides obtained by the fitting procedure described
in the text and presented in Fig. 6. The solid curves show the cal-
culated suboxide spectra. The scaling is the same for all curves and

thus the intensity changes serve as a proof of the quality of the
fitting procedure.

=1200 °C which is found to describe almost disproportion-
ated SiO.>> We use both low and high ¢ spectra in the analy-
sis so that the fitting procedure minimizes

I(g=24 A +1(g=9.85 A, (6)

where the directional average of the q vectors is implied. In
addition to the amount of suboxides, the integral was mini-
mized also with respect to rigid energy shifts of 0-1 eV for
the calculated spectrum. The resulting suboxide spectrum for
three samples is shown in Fig. 5, illustrating a good agree-
ment of the experimentally extracted and the calculated spec-
tra. Almost all features in the experimental spectrum are re-
produced by the calculation. A detailed analysis of these
features would be valuable for the understanding of the
physical properties of the material but it is out of the scope
of this work. Here it is more important to note that the over-
all spectral shape of the total suboxide contribution differs
significantly from that of Si and SiO,, which improves the
sensitivity of the fit to the suboxide content.

Figure 6 shows the obtained 7,-dependent suboxide con-
tent and demonstrates that the most significant structural
changes take place at annealing temperatures above 900 °C
where also the Si nanocrystal formation starts.”> The error
analysis of the suboxide content is not straightforward be-
cause numerous factors affect the quality of the fit. Com-
pared to the accuracy of the calculations, the statistical error
of the experimental spectra has only a minor effect. Thus a
better estimate is obtained from the deviation of the low- and
high-momentum-transfer results. This way we found out that
the error can be estimated by requiring that the value of the
integral [Eq. (6)] must not differ from its minimum value by
more than 25%. As can be seen in Fig. 6, the estimated error
bars quite well reflect the variation in the experimental data
points.

Due to the fact that the shape of the total suboxide spec-
trum is similar either using MD or RB model, we fitted the
spectra of series A using the XRS spectrum of the MD
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FIG. 6. (Color online) The suboxide content as a function of the
annealing temperature shows that the amount of suboxides changes
significantly at around 900 °C.

model, although the 1:1 stoichiometry is not fully conserved.
The results are also presented in Fig. 6 and show no signifi-
cant deviation from the RB model. We also carried out the
analysis taking the different stoichiometry of MD model into
account, which is possible for the sample series B where also
Si and SiO, reference XRS spectra were measured. Thus the
total spectrum of series B can be approximated by a super-
position of weighted XRS spectra of Si and SiO, together
with the calculated suboxide contribution from the MD
model. Then the integral whose value is minimized can be
written as

120 eV
f ]S gl @, ) ~ [aSES (q.) +
100 eV

%, (7)

X Ssi(q, w) + ¢Ssi0,(q, )]

where a, b, and ¢ have to obey the stoichiometry condition
(2.15a+4c¢=2) and sum up to 1.0. The resulting suboxide
content is shown in Fig. 6 for three samples and the result
agrees well with those extracted from the spectra of series A.

The proportion of suboxides in the native sample (40%) is
found to be relatively high compared to estimates given in
earlier studies.* Using the current approach to determine the
suboxide content of course relies strongly on underlying
model calculations. The suboxide content might be slightly
overestimated due to the fact that spectral features from Si,
Si 1+, and Si 2+ components are not well separated. It has
to be noted that independently from the model we use to
extract the suboxide content in the samples, an estimate of
the lower limit of the suboxide contribution can be given.
This is obtained by requiring that the suboxide spectrum can-
not be negative. Using this method we yield a lower limit of
20*£3% for the native sample and those annealed below
900 °C. Moreover, the relative change in suboxide content is
in line with the phase-separation process.??

The origin of the 7, dependency of the XRS spectrum is
suggested to be the decreasing suboxide content that is ac-
companied with the growth of the Si and SiO, regions. An-
other possibility is that the changes in the spectral shape are
due to the crystallization of amorphous silicon nanoclusters,
which takes place at this temperature range.>* We excluded

205317-5



SAKKO et al.

this option by comparing our measured low-momentum-
transfer near-edge spectra with previously published>® EELS
data of amorphous and crystalline silicons. The crystalliza-
tion causes most significant changes in the EELS spectra in
the pre-edge region (100 eV) while the 102-106 eV region is
very similar for both phases. The decreasing suboxide con-
tent is therefore the only plausible explanation to the ob-
served differences in the spectra. This is in accordance with
the situation of amorphous GeO that also disproportionates
into regions of nanocrystalline Ge and amorphous GeO, but
where the crystallization takes place at a different annealing
temperature range.>*>

IV. CONCLUSIONS

We have used experimental and computational methods to
investigate the microscopic structure of the internal suboxide
interfaces in disproportionating a-SiO. The sensitivity of the
near-edge XRS spectrum to the local atomic structure in the
vicinity of the Si atoms allows a detailed analysis of the
interface contribution. The presence of suboxides in these
regions is confirmed and the proposed framework demon-
strates how the suboxide contribution to the Si Ly near-
edge spectrum can be extracted and used for determining the
amount of the suboxides. Our results suggest a significant
contribution of suboxides in the native material of about 40%
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which decreases during annealing. When nanocrystal forma-
tion starts [between 900 and 1000 °C (Ref. 23)] the subox-
ide contribution is approximately 10%. We also presented
symmetry decomposed local densities of unoccupied states
for the three suboxides which shows strong sensitivity of
p-type €DOS to the oxidation state. This favors measure-
ments at high ¢ if one would like to distinguish different
suboxides.

Our framework can be further generalized to gain an even
more accurate picture of the suboxide interfaces. In principle,
the presented fitting procedure can determine the amount of
different suboxides directly. This will require experiments
with better energy resolution and statistics, as well as more
accurate calculations including excitonic effects, spin-orbit
coupling, and the crystallization of the Si nanoclusters.
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