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We use first-principles density-functional theory (DFT) calculations to predict mechanical and optical prop-
erty variation with composition for hydrogenated amorphous Si (a-Si:H) (at. % H=0, 5.9, 11.1, and 15.8) and
a-Si0, (x=0, 0.5, 1.0, 1.5, and 2.0). A better understanding of the properties of a-Si:H and amorphous silicon
oxide (a-SiO,) is technologically important, particularly for photovoltaic and optoelectronic device applica-
tions, respectively. However, relatively little reliable property information is available for these amorphous
materials except for the well-studied end-point cases of a-Si and a-SiO,. Our DFT calculations within the
generalized gradient approximation predict that addition of H to a-Si monotonically reduces the elastic modu-
lus (Y) by 18% and bulk modulus (B) by 16% as H incorporation increases to 15.8 at. % in a-Si:H. Similarly,
addition of O to a-Si monotonically reduces Y by 35% and B by 38% as x increases to 2.0 in a-SiO,. Our
optical spectra for the complex dielectric function, e(w), exhibit intensity reduction in the E, transition peak of
Im[&(w)] and reduction in the low-frequency dielectric constant {e,=lim,_,oRe[e(w)]} as either H or O are
added to a-Si while the a-SiO, spectra additionally resolve a vivid blueshift of both the fundamental absorption
edge and E, transition energy as O content increases. Considering the large variation in reported experimental
measurements and the limited availability of previous computational results, our property predictions provide

valuable insight into the mechanical and optical behavior of a-Si:H and a-SiO, materials.
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I. INTRODUCTION

The foundations for the use of amorphous semiconductors
in photovoltaic and optoelectronic applications began in the
1960s when early work demonstrated that short-range order
(SRO) sufficiently retained key optical properties present in
crystalline semiconductors.! In an amorphous semiconduc-
tor, the disordered covalent network contains minor devia-
tions in bond length and larger variations in bond angle rela-
tive to its counterpart crystalline lattice.> In the 1970s,
Carlson and Wronski® reported the first feasible amorphous
Si (a-Si) p-i-n solar cell using a-Si with radically reduced
gap defect densities attributed to H compensation of dan-
gling bonds. Hydrogenated a-Si (a-Si:H) is remarkably
promising for solar applications because the redshifted
absorption coefficient relative to crystalline Si (c-Si) could
ultimately allow realization of inexpensive thin-film
(=1 wm) solar cells if the light-induced degradation of the
Staebler-Wronski effect* (SWE) is circumvented. Recent ex-
perimental work has shown that mixed-phase materials, such
as nanocrystalline Si (nc-Si) dispersed in a-Si:H, can poten-
tially mitigate the reversible SWE.?

In recent years, nanostructure fabrication techniques have
introduced the capability of growing nc-Si in Si-rich amor-
phous silicon oxide (a-SiO,) matrices to produce flash
memory® dielectrics and materials capable of light
emission’® via size-tunable photoluminescence and elec-
troluminescence processes. While many suggest light emis-
sion from nc-Si embedded in a-SiO, is driven by quantum
confinement, discrepancies in experimental results suggest
other phenomena may also be influential, such as sensitive
chemical functional groups and oxide defects that may be
stabilized at the nc-Si/a-SiO, interface and size-dependent
(curvature) interfacial strain energy. A variety of synthesis
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techniques have been reported to produce nc-Si embedded in
a-Si0, including cosputtering of Si and SiO, and Si-ion im-
plantation into SiO, thin films.” Regardless of fabrication
technique, a recent theoretical study has suggested that the
mechanism promoting nc-Si formation in a-SiO, is largely
governed by suboxide penalty from incomplete O
coordination.’ At the present, relatively little reliable prop-
erty information for a-SiO, (0<x<2) is available in com-
parison to the well-studied end-point cases of a-Si and
a-Si0,.

In this paper, we use established methods based on first-
principles density-functional theory calculations to predict
mechanical and optical properties for both a-Si:H and a-SiO,
bulk materials. In particular, we evaluate various composi-
tions of bulk a-Si:H (at. % H=0, 5.9, 11.1, and 15.8) and
a-SiO, (x=0, 0.5, 1.0, 1.5, and 2.0) to demonstrate elastic
and bulk moduli predictions. For the same matrix composi-
tions, we also present the real and imaginary components of
the complex dielectric function spectra [e(w)=g'(w)
+ie"(w)], low-frequency dielectric constants (g,), and band
gaps (E,). Overall comparison of our results with previous
experimental measurements and available theoretical studies
shows reasonable agreement for a-Si and a-SiO,, which have
been heavily studied. Our mechanical and optical property
predictions provide valuable characterization of property
variation with composition for these technologically signifi-
cant materials while simultaneously evaluating theoretical
methodologies that are easily applicable to other materials.

II. COMPUTATIONAL FRAMEWORK

All atomic structures and properties reported herein were
calculated using a plane-wave pseudopotential method
within the generalized gradient approximation of Perdew and
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TABLE I. Computed mechanical property summary by composition of a-Si:H and a-SiO, structures.
Sample names quantify the constituent atomic species in each supercell. BZ sampling schemes using MP
meshes are given for geometric optimization together with increased sampling schemes in () when optimized
ionic positions were fixed. The average mass density over each sample count is given by p,,. Y represents an
average elastic modulus over all structures sampled, each of which is an average over the strain conditions
evaluated. The uncertainty associated with each Y is the average standard deviation obtained from each
sample. B represents analogous quantities for the bulk modulus.

Y B
Sample Sample count  k-point mesh?  E, " (g/’::nrln3) (GPa) (GPa)
a-Si:H
aSi64 3 a(B) b% 2.26 140.7 8.1 7451149
aSi64H4 4 a(B) y 2.20 134.0+18.1 70.9+15.1
aSi64HS8 5 a(B) b% 2.17 121.5+7.8 67.9+t16.2
aSi64H12 5 a(B) b% 2.13 115.0=10.5 624+ 14.6
a-Sio,

aSi64 3 a(B) b% 2.26 140.7 = 8.1 74.5+149
aSi64032 4 I'(a) A 2.24 129.0£8.6 66.9+11.9
aSi64064 4 I'(a) A 2.21 118.1=12.1 63.1+94
aSi64096 4 I'(a) A 2.16 101.3*+13.6 56.6+t11.2
aSi48096 3 I'(a) A 2.17 91.4%19.6 46.0*£12.2
=T point, @=(2X2X2), and B=(3 X3 X 3).
by=160 eV and A=350 eV.

Wang (GGA-PW91) (Ref. 10) to density-functional theory F,

(DFT)," as implemented in the Vienna ab initio simulation Ta="0 2)

package (VASP).!> We employed Vanderbilt-type ultrasoft

pseudopotentials'? to represent the interaction between ion

cores .and valence ellectrons in mechanical property Y= %. (3)

predictions and  projector-augmented wave  (PAW) e

pseudopotentials'# for the computation of optical properties.
The PAW methodology, which is, in principle, an all-electron
frozen-core approach that represents exact valence wave
functions, was used for optical property calculations to en-
sure enhanced representation of electronic transitions.

A. Mechanical properties

For mechanical property calculations, the kinetic-energy
cutoffs (E.,) for the plane-wave basis set and the
Monkhorst-Pack (MP) grids for Brillouin-zone (BZ) sam-
pling are summarized in Table I. Geometric optimization was
run on all structures until residual forces had converged
within 5X 1072 eV/A tolerance. With optimized ionic posi-
tions fixed, total energies were reevaluated using increased
k-point sampling as indicated in Table I. Adequate BZ sam-
pling was determined for various compositions by increasing
k-point sampling until total-energy convergence was
achieved.

The elastic (or Young’s) modulus (Y) was calculated by
computing forces and stresses from total-energy (E) data us-
ing the following relationships:

JE
F.=—| 1
= (1)

X=&

Forces along a given direction (F,) were calculated for each
strain condition (&) using second-order numerical derivatives
in Eq. (1), normal stresses (o,,) were subsequently evaluated
with Eq. (2) (A represents the supercell face area in the x
direction), and ultimately Young’s modulus is obtained from
Eq. (3) as the ratio of stress to strain in the x direction. To
provide adequate statistical sampling of Y for each structure
sample, Y was evaluated at each condition for -5% =e
=5% at 0.5% intervals using a custom Perl script to manage
numerous VASP simulations. To ensure a stress-free state oc-
curs at strain-free conditions, a small, systematic correction
(on the order of 1 GPa) was generally required for each
structure and applied to all stress calculations.

The bulk modulus (B), which is the three-dimensional
analog of Y, can be calculated from total-energy data as

oE

PE %
B=V- | == — .
AV | oy, A_V volumetric strain
\%

o

volumetric stress

(4)

where V, is the equilibrium cell volume, ,=AV/V, is an
arbitrary volumetric strain, and V; is the cell volume at an
arbitrary &,. The work of Mehl'> provides a similar compu-
tational approach to calculate B, except E(V,) data is math-
ematically fit to an isothermal equation of state described by
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Birch!'® with subsequent analytic differentiation, whereas our
method substitutes the approximation inherent in fitting with
the approximation inherent in a statistical approach. Similar
to our treatment of Y, B was evaluated at each condition for
—5%=¢e,=5% at 0.5% intervals and corrections generally
<1 GPa were applied to enforce correspondence between
stress-free states and strain-free conditions.

While both Y and B were evaluated at 21 strain conditions
per sample [-5% =y=5% (y=¢,¢, at 0.5% intervals)], the
mechanical responses nearest strain-free conditions were sys-
tematically poorly behaved; consequently, our reported val-
ues in Table I represent the remaining 16 strain conditions
per sample following omission of the data range —1% =<y
=1% (y=¢,s&,). Additional mechanical properties, such as
Poisson’s ratio (v) and shear modulus (G), can be calculated
once Y and B are known because only two of these four
quantities are independent in isotropic materials.!”

B. Optical properties

For optical property calculations, the cutoff energies em-
ployed with PAW pseudopotentials were 250 eV and 300 eV
for a-Si/a-Si:H and a-SiO, (x>0) systems, respectively.
Note that the same DFT calculation conditions were used for
a-Si and a-Si:H, unless noted otherwise. We utilized a four-
step procedure to compute the complex-frequency-dependent
dielectric function with VASP following the general theoreti-
cal framework described by Adolph et al.'® and cited in other
recent computational studies for other material systems.!*-22
This calculation procedure is based on the independent-
particle approximation so quasiparticle self-energy correc-
tions, local-field effects, and excitonic contributions are ne-
glected.

First, the ionic positions in each structure sample were
optimized using the same force convergence criterion as the
mechanical property calculations and the same BZ sampling
schemes shown in Table I. Second, the charge-density distri-
bution was obtained with 5X5X5 and 3X3 X3 k-point
meshes for a-Si:H and a-SiO,, respectively. Third, the
frequency-dependent dielectric matrix was calculated from
the optimized charge-density distribution using the tetrahe-
dron method'? and 200 conduction bands for each composi-
tion (which was found sufficient to sample transition ener-
gies across the range of supercell sizes investigated). Finally,
the OPTICS code of Furthmiiller?® was used to obtain both the
imaginary (&”) and real (&) parts of &(w). The imaginary
part of &(w) (in atomic units) is computed by summation
over the frequency-dependent dielectric matrix elements in
these isotropic materials using

Im[e(w)] = &"(w)
4

> X wilpi*dle; - exi— @), (5)

2
Qw ieVB,jeCB k

where () is the unit-cell volume, VB represents the valence
band, CB represents the conduction band, wy is a weighting
associated with a k-point Kk, and gy, represent energy levels
in their respective bands.!? Transition matrix elements in Eq.
(5) are represented by p;=(k|p|k;), where the [k,) are
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Bloch-state wave functions with momentum k. We used the
longitudinal form'>!%2* of the dielectric matrix in our VASP
calculations throughout this work. When the imaginary part
of e(w) is known for all photon energies, application of the
Kramers-Kronig transformation (in atomic units),

Re[s(w)] = 8'((1)) =1+ %wa %dw' s (6)

0 W —w

where P represents the principal integral value, allows sub-
sequent evaluation of the real component of &(w). We found
that calculations of optical transitions up to 20 eV was suf-
ficient to obtain the key features in the dielectric function
spectra. With e(w) determined, it is relatively straightforward
to derive other linear optical properties including refractive
index, reflectivity, absorption coefficient, optical conductiv-
ity, and electron energy-loss spectra.>>2

C. Structure generation

We constructed largely defect-free a-SiO, and a-Si:H
structures using an approach described in further detail by Yu
et al.’ that employs continuous random network model-based
Metropolis Monte Carlo (MMC) sampling with Keating-type
potentials. To sample the structural variation present in the
amorphous samples, three to five independent structures
were evaluated for each stoichiometric composition in our
study. Figure 1 shows the lowest-energy configuration for
each composition investigated, while Table I summarizes su-
percell composition and size, sample quantity, and density.

Figures 2 and 3 show the radial distribution function
(RDF) of each composition in our study to provide a metric
for comparison of SRO in our amorphous structures. Each
subplot represents the average SRO of all samples of a given
composition. In Fig. 2, the Si-H peak location is consistent
with the reported?’ Si-H bond length of 1.48 A. In the gen-
eration of our a-Si:H structures, care was taken in the initial
MMC seeding to homogenize the H atoms to inhibit the
occurrence of molecular hydrogen. Since the H, bond length
is 0.74 A,® our RDF data in Fig. 2 indeed shows that H, is
absent in our structures. Statistical analysis of bond angles
(Bsisisi and 6g; g;pp) in our structures shows a trend for both
the average and standard deviation to increase slowly as H
content increases.

In Fig. 3, the first nearest-neighbor peak of Si-Si, typically
near 2.34 A in a-Si,2” decays away while the Si-O and O-O
peaks intensify as x increases in a-SiO,. The sharpest peak
representing the Si-O bond occurs near 1.6 A, which is typi-
cal in vitreous Si0,.? Like the a-Si:H structures, statistical
analysis Of bond angles (gsi-Si-Si’ 0O-Si-0’ esi_o_si, and esi_si_o)
shows a trend for increasing average bond angle as O content
increases. The Si-O-Si bond angle is an important metric for
characterizing amorphous silica. The average 6s;_o.s; for our
three a-SiO, samples is 150.5° = 10.9°, which is in excellent
agreement with measurements derived from NMR spectra of
151° = 11°.30 Analysis of the ring-size distribution shows
that six-membered rings are preferred across the entire
a-Si0, composition range but the distribution spreads as O
content is increased.
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aSi48096

aSi64H12

FIG. 1. (Color online) Amorphous configurations of various
compositions of a-Si:H and a-SiO, constructed from a-Si. White
and black block arrows denote increasing H and O content, respec-
tively. Configuration names quantify the constituent atomic species
in each sample supercell. Silicon, oxygen, and hydrogen atoms are
represented by gray (large), red (medium), and white (small)
spheres, respectively.

To accommodate the unique structural topology of each
sample, we performed volume relaxation using DFT on each
cubic supercell to determine the equilibrium volume and
density of every structure. We found that equilibrium volume
determination from sample-specific volume relaxation, rather
than a fixed volume determined from experimental densities,
was more beneficial in producing expected mechanical re-
sponses in this computational framework. Consistent with
experimental results, the densities of our lowest-energy
structures for a-Si and a-SiO, show the best agreement with
published densities of 2.30+0.01 (Ref. 31) and 2.2 g/cm’
(Ref. 32), respectively. For further structural comparison, we
obtained qualitatively similar electronic density of states for
our aSi64HS8 samples as reported structures of identical com-
position prepared using molecular-dynamics simulations in
Ref. 33.
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FIG. 2. Radial distribution functions characterizing the amor-
phous structure of (a) aSi64, (b) aSi64H4, (c) aSi64HS, and (d)
aSi64H12 compositions of a-Si:H. Each plot represents the bond
topology of all samples of that composition. Significant peaks are
annotated by the corresponding interaction pair represented.

III. RESULTS AND DISCUSSION
A. Mechanical properties

Table I provides a summary of our mechanical property
calculations over 35 total amorphous samples studied repre-
senting eight different compositions of a-Si:H and a-SiO,
matrices. For the supercell sizes employed, it is not possible
to achieve an ideally random sample of disordered bond to-
pology, so we compensate by sampling multiple independent
structures at various strain conditions. Standard deviations
are provided with all calculated moduli to show the inherent
variation that occurs when sampling small amorphous struc-
tures.

1. a-Si:H

From Table I, our calculations show a trend for the elastic
modulus (Y) to decrease in a-Si:H materials as H content
increases and density decreases. Y decreases from 140.7 to
115.0 GPa as H content increases from 0 to 15.8 at. %. Pre-
vious experimental results are varied for ¥ dependence on H
content. Kuschnereit et al.” deposited both laser and plasma
chemical vapor deposition (CVD) a-Si:H films and observed
Y to reach a maximum of 134 =5 GPa at 10 at. % H, then
sharply decrease with increasing H content. We see a similar
Y of 121.5 GPa at 11.1 at. % H, but instead embedded in a
monotonically decreasing trend with increasing H content.
Kuschnereit et al. acknowledged both evidence of hydride
polymerization for the highest H-content films and the simul-
taneous sharp decrease in density suggesting void formation
as aspects likely unique to their CVD processes.
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FIG. 3. Radial distribution functions characterizing the amor-
phous structure of (a) aSi64, (b) aSi64032, (c) aSi64064, (d)
aSi64096, and (e) aSi48096 compositions of a-SiO,. Each plot
represents the bond topology of all samples of that composition.
Significant peaks are annotated by the corresponding interaction
pair represented.

In a different study, Jiang et al®* studied a-Si:H films
deposited by rf sputtering and show a consistent decrease in
Y from 100 GPa near 1 at. % H to 55 GPa near
17 at. % H. While their monotonically decreasing Y trend is
similar to our results, they also show Y=105 GPa for
Si(111), which is lower than expected (Brantley>> shows Y is
168.9 GPa on Si{111}). In addition, Jiang et al. acknowl-
edged holes in the surface morphologies of their films which
we think suggests void incorporation and consequent reduc-
tion in Y. We believe that our results deviate from these
experimental studies because both the H distribution and
void fraction in the deposited a-Si:H films is likely less ho-
mogeneous than our model atomic structure samples.

Our calculations also predict a trend for the bulk modulus
to decrease as H incorporation in a-Si:H increases. B de-
creases from 74.5 to 62.4 GPa with increasing H content
from O to 15.8 at. %, consistent with previous B experimen-
tal results [75-109 GPa for a-Si (Refs. 31 and 36) and 59
GPa for films with ~10% H (Ref. 37)]. This wide range of
B (75-109 GPa) in a-Si from the work of Szabadi et al.’!
was determined using surface acoustic wave and Rutherford
backscattering spectroscopies on amorphized Si layers in im-
planted c-Si. Their property summary provides a good ex-
ample of the variation in amorphous material properties at-
tributable to changes in implant dose, implant energy, and
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annealing parameters and also shows that both Y and B de-
crease as a-Si film density decreases.

In order to justify the three to five sample sizes used at
each composition, we generated and evaluated mechanical
properties for additional samples of both aSi64 and
aSi64H12 structures. For aSi64, we increased the sample
count from three to ten. As a result, Y decreased from 140.7
to 139.0 GPa and B increased from 74.5 to 75.6 GPa. This
represents a 1.2% and 1.5% change in Y and B, respectively.
For aSi64H12, we increased the sample count from 5 to 12.
As a result, Y decreased from 115.0 to 114.8 GPa and B
increased from 62.4 to 63.4 GPa. This represents a 0.3% and
1.6% change in Y and B, respectively. In our effort to bal-
ance calculation accuracy and computational requirements,
we feel that the small percent change in our moduli predic-
tions resulting from seven additional samples of aSi64 and
aSi64H12 justifies our three to five sample count criterion in
this work, particularly in our objective of identifying prop-
erty changes as a function of composition.

2. a-Si0o,

Our calculations also show a clear trend for Y to decrease
in a-SiO, as O content increases and density generally de-
creases. Our DFT-GGA calculations predict Y=140.7 GPa
and 91.4 GPa for a-Si and a-SiO,, respectively. Experimen-
tally measured Y values for a-Si range from 125 (Ref. 31) to
167 GPa.’® For a-Si0,, experimental Y measurements in-
clude 70 (Ref. 39) to 73 GPa (Ref. 40) in bulk silica,
76.6 7.2 GPa (Ref. 41) for a-SiO, nanowires (independent
of wire diameter), and values as large as 144 GPa have been
reported in films deposited by plasma-enhanced chemical va-
por deposition.*?

Similarly, we observe a distinct trend for B to decrease in
a-Si0, with increasing O content and decreasing density. Our
predicted values of B=74.5 GPa and 46.0 GPa in a-Si and
a-Si0,, respectively, are in good agreement with previous
computational results [75 GPa for a-Si (Ref. 43) and 37 GPa
for a-SiO, (Ref. 44)] and reasonable agreement with results
determined from experimental studies [75-109 GPa for a-Si
(Refs. 31 and 36) and 33.3 GPa for a-SiO, (Ref. 39)].

A limited amount of experimental information has been
reported on the mechanical properties of amorphous silicon
monoxide (a-SiO,, x=1) thin films. The work of Hoffman et
al® produced a-SiO, (0.9=x=1.0) films through various
evaporative deposition techniques and Young’s modulus
measurements using a nanotensilometer. They reported Y to
vary between 53 and 75 GPa, which suggests that Y for
a-SiO is actually softer than either a-Si or a-SiO, and smaller
than our computed Y of 118 GPa for a-SiO. However, they
also acknowledged that the bulk film density (2.13 g/cm?)
used to calculate Y could be a likely source of variation in
their reported values and further detailed that evaporative
deposition can yield a-SiO films with densities varying from
1.51 to 2.15 g/cm?®. Furthermore, we suspect their assumed
bulk density applied to all samples lowers the Y for their
films. For comparison, the average density of our a-SiO
samples is 2.21 g/cm?, which is intermediate to the densities
of our a-Si and a-SiO, samples. As previously described, we
optimized the volume and density of every structure sample
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and suspect this is the primary reason we found a higher Y
for a-SiO.

3. Structural contributions to moduli

From the moduli synopsis in Table I, it is apparent that
addition of either H or O to a-Si tends to reduce or soften
both Y and B. Fundamentally, we can relate this observed
property behavior to changes in atomic network connectivity.
For example, a complete covalent network for Si only occurs
in pure ¢-Si and Y along (110) directions within {100} planes
is 168.9 GPa.® In a-Si, disorder reduces the interconnectiv-
ity among Si atoms, the mean coordination number corre-
spondingly falls below 4 and Y drops to 140.7 GPa (Table I).
O incorporation in a-Si further reduces atomic connectivity
because each O is a twofold-coordinated flexible linkage in
the network rather than the more rigid fourfold-coordinated
linkage of each Si in a-Si. As a result, bond-angle distortion
in a-SiO, preferentially occurs at bond angles subtended by
O atoms, not Si atoms. Similarly, H incorporation in a-Si
increases the atomic network flexibility because every Si-H
bond formed effectively severs covalent network intercon-
nection. Decreased atomic network connectivity also corre-
lates with a general reduction in density of a-Si as either H or
O content is increased.

Variations in mechanical properties obtained via experi-
ment are related to a number of factors including deposition
process and conditions, annealing procedure, measurement
technique, film density, material homogeneity, and sample
purity. In our first-principles approach, the biggest source of
property variation, particularly within the same composition,
is likely attributable to limited sampling of the ideally ran-
dom bond topology. We expect that the standard deviations
in our reported moduli could be reduced through a better
statistical sampling of the amorphous network by either in-
creased sample counts (intersample variance reduction)
and/or larger supercells (intrasample variance reduction).

B. Optical properties

Figures 4 and 5 show the optical spectra we obtained
through calculation of the dielectric function for all compo-
sitions of a-Si:H and a-SiO, considered in our study. As typi-
cally seen in amorphous systems, the absence of long-range
order and k-point conserving transitions smoothes out the
optical response and washes away many of the characteristic
transition edges and peaks exhibited by crystalline semicon-
ductor spectra.!®4® The major features that remain to distin-
guish among the amorphous samples are the fundamental
absorption edge (E;) and asymmetric main absorption peak
(E,) in Im[e(w)] and the transition energy of anomalous dis-
persion and dielectric constant (g,) evident in Re[e(w)].
These key spectral features are also sensitive to material
phase. For example, £,=11.9 in c-Si (Ref. 1), while amor-
phization changes &, to ~16 in a-Si.*® Similarly, £,=4.6 in
¢-Si0, (a-quartz || to optical z axis*’), while amorphization
changes €, to 3.9 in a-SiO, (thermal oxide thin film*").

Figure 6 provides our DFT-calculated Im[e(w)] spectra
for ¢-Si and c-SiO, (a-quartz) for comparison with their
amorphous counterparts. Our c¢-Si spectra [Fig. 6(a)] is simi-
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FIG. 4. (Color online) (a) Imaginary and (b) real parts of the
complex dielectric function spectra for a-Si:H computed from DFT-
GGA calculations. The spectra are annotated by at. % H. For each
composition, only the lowest-energy structure is represented in the
spectra. The insets provided illustrate the sequence of constituent
spectra.

lar to that reported by Adolph et al.'® and provides a classic
example for introduction of important nomenclature in
Im[e(w)] spectra. The onset of Im[e(w)] intensity in the low-
energy region is often termed the fundamental absorption
edge or E, transition. Im[e(w)] rises to an asymmetric peak
(E;) just above the absorption edge from transitions occur-
ring along (111) directions in the BZ. The Im[&(w)] spectra
typically reach a maximum at a characteristic energy called
the E, transition, which is associated with transitions occur-
ring over a large region of the BZ. Note that the well-known
DFT band-gap underestimation in our GGA independent-
particle calculations is manifested as spectral redshifting to
lower energies, so our results should not be compared di-
rectly to experiments without proper adjustment of transition
energies. Our ¢-Si0, spectra [Fig. 6(b)] is reasonably similar
to that shown in Refs. 26 and 48 for a-quartz. The details of
the electronic structure of c-SiO,, even from experimental
results, is often a bit ambiguous in the literature because of
measurement difficulties associated with the formation of ex-
citons that obscure accurate determination of the band gap
and the persistence of crystal defects.?®

1. a-Si:H

As shown in Fig. 4(a), the shape of Im[e(w)] incremen-
tally transitions as the H content increases in a-Si:H. In par-
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FIG. 5. (Color online) (a) Imaginary and (b) real parts of the
complex dielectric function spectra for a-SiO, computed from DFT-
GGA calculations. The spectra are annotated according to O stoichi-
ometry (x) relative to Si. For each composition, only the lowest-
energy structure is represented in the spectra.

ticular, the reduction in intensity of the main E, absorption
peak, which occurs between 3 and 4 eV, is evident and con-
sistent with experimentally-derived spectra.*** In the
Re[e(w)] spectra of Fig. 4(b), we observe a subtle broaden-
ing in the anomalous dispersion region that coincides with
incremental reduction in €, as H incorporation increases. De-
creasing spectral peak intensities and decreasing &, are ob-
served for a-Si:H as H increases, which correlates with an
increasing optical gap.*¢ Experimental results* also confirm
increasing H content lowers g, in a-Si:H.

Feng et al.* report Im[e(w)] spectra for a-Si:H films of
variable H content grown by dc magnetron sputtering and
measured with spectroscopic ellipsometry. Their spectra ex-
hibits a similar reduction in E, peak intensity like we see in
Fig. 4(a), as well as the expected blueshift of the E, peak as
H content increases that is not readily apparent in our results.
The expected blueshift of E, is easier to see in the results of
Feng et al. partly because they examined films up to
24 at. % H. Despite the limitations of our DFT calculation
methods, the E, transition energy for our unhydrogenated
a-Si sample (3.4 eV) is surprisingly similar to the results of
Feng et al. (3.60 eV). To produce their Im[e(w)] spectra
from ellipsometric data, they made several assumptions that
potentially affect their results: (1) 50% void fraction for es-
timation of the film surface-layer roughness, (2) film mor-
phologies identical to those from previous experiments, and
(3) validity of the effective-medium approximation®® to de-
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FIG. 6. Computed imaginary component of &(w) for both (a)
¢-Si and (b) ¢-SiO, (a-quartz phase). Unlike their amorphous coun-
terparts, the spectra of crystalline materials reveal distinct peaks
that are attributed to transitions near Van Hove singularities in the
joint density of states. The nomenclature for labeling optical tran-
sition energies in tetrahedrally-bonded semiconductors is described
in further detail by Yu and Cardona (Ref. 1).

rive film densities. Since optical characterization of thin
films through ellipsometry requires accurate description of
structural parameters (film thickness, surface roughness, and
substrate interface quality),>>! the validity of these requisite
assumptions is paramount to the extracted properties. Fur-
thermore, they report =10% error in the measurement of H
content of their films.

The results of Rantzer et al.”" on films grown by dc mag-
netron sputtering corroborate our assertion that a greater
change in H content in a-Si:H films is required to observe the
blueshift in the E, transition energy. They report a change of
only 0.5% in E, transition energy when H content is in-
creased from 8 to 10 at. % H. This amount of change is
effectively noise considering the uncertainty inherent in their
fitting methods. In addition, they report a reduction in E,
peak magnitude of only 1.1% for the same composition
change.

In order to better correlate the relationship between opti-
cal spectra and electronic structure as a function of compo-
sition, we show the E, and g, of all sample structures studied
in Fig. 7. Figure 7(a) shows a trend of reduction in &, as H
content increases in a-Si:H; however, a trend in E, with com-
position is not readily apparent. We believe that the variation

1.51
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FIG. 7. (Color online) Dielectric constant (g,) and band gap
(E,) for all (a) a-Si:H and (b) a-SiO, amorphous structure samples
studied. The dielectric constants were obtained from the optical
spectra as lim,,_,oRe[&(w)]. The band gaps were obtained from total
density of states calculations for each sample. The data shown is
produced from DFT-GGA calculations; therefore, E, values are un-
derestimated and g, values are overestimated. The scaling of ¢, and
E, in (a) was arbitrarily adjusted to separate the two trends for
visual clarity.

in E, observed is also aggravated by the aforementioned
small increments in H composition across a-Si:H samples,
which makes a clear trend difficult to resolve.

In addition, we analyzed supplemental simulation results
which show that E, generally decreases with sample mass
density at an arbitrary a-Si:H composition, so fluctuations in
density from sample-to-sample can produce small fluctua-
tions in E,, although these fluctuations in E, are on the order
of 0.01 eV. We suspect an increasing trend for E, with in-
creasing H content might be more apparent with larger su-
percells and/or increased sample sizes.

2. a-Si0,

Similar to our a-Si:H optical response behavior, Fig. 5(a)
shows the shape of Im[e(w)] incrementally transitions from
a-Si to a-Si0, with a more pronounced trend than observed
for a-Si:H. As O content increases, the magnitude of the E,
absorption peak sharply decreases and blueshifts, while the
absorption edge also blueshifts to higher photon energies.
The decreasing peak magnitude with increasing O content is
largely associated with an increasing band gap as shown in
Fig. 7(b). As shown in Fig. 5(b), a similar incremental tran-
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sition is evident in Re[&(w)] as O content increases from a-Si
to a-Si0,. Not only does the anomalous dispersion region
blueshift, but the transition region also broadens in correla-
tion with the peak broadening seen in the Im[e(w)] spectra.
The incremental decrease in low-frequency g,
(lim,,_,oRe[e(w)]) is also evident in Fig. 5(b) as O content
increases. The €, data obtained from each a-SiO, sample is
consolidated as a function of composition in Fig. 7(b). Un-
like the a-Si:H case, the inverse relationship between g, and
E, is vividly apparent over the complete a-SiO, composition
range. Excellent precision is obtained across three samples
for the predicted properties of a-SiO, as shown in Fig. 7(b).

Note that the DFT-GGA method employed here using the
longitudinal form of the dielectric matrix provides instructive
qualitative behavior for g, but this method also tends to
overestimate €, because the well-known band-gap underes-
timation increases €,, while lattice-constant sensitivity and
finite basis-set errors have additionally been cited for inflat-
ing &,.'%%* In addition, our values of &, reported are from the
electronic contribution only, so no ionic contributions are
considered. Previous studies have shown neglecting the ionic
contribution will not change the trends observed, but can
impact the magnitude of the &, values.'” The work of Gajdo$
et al.** provides more details on the sensitivity of the dielec-
tric constant to various approximations within the PAW
methodology used in our work.

For both the main absorption peak magnitude and ¢,, it is
evident that the greatest changes occur for small values of x,
when a-SiO, is most Si rich. This behavior is consistent with
the semiempirical simulation study of Hiibner>? of semicon-
ductor property variation in the transition region of
c-Si/a-Si0, interfaces. In this study, various electronic prop-
erties, including valence charge-density distribution and
band gap, are shown to have strong x variation for 0 =x
= 1.5, while properties become similar to a-SiO, for x> 1.5.
In contrast to the conclusions of Hiibner, we observe E, [Fig.
7(b)] to increase more rapidly as x increases in a-SiO,. In
addition, we also observe the fundamental absorption edge to
blueshift more rapidly for larger x [Fig. 5(a)]. We speculate
that our results, particularly for E, dependence on x, may
differ from those of Hiibner as a consequence of the crystal-
line structural models used. Not only is the x=0 structural
contribution from c-Si by design (typical transistor substrate)
in his study, but structural parameters derived from c-SiO,
(B-cristobalite) are interpolated with x to model a-SiO, (x
>0). In contrast, our structures are all amorphous and bulk
in nature.

Reliable optical property data in the literature is scarce for
the intermediate compositions of a-SiO, (0=x=2), with
only a limited amount of information for amorphous silicon
monoxide. Hjortsberg and Granqvist®® calculated e(w) of
evaporated, 99%-pure a-SiO films using infrared spectropho-
tometric measurements. They report a static €, value of ~7.2
for a-SiO extracted from their Re[e(w)] spectra, while
tabulated®* optical properties for a-SiO suggest €, is 4.0. Our
results from Fig. 7(b) produced an average &, for a-SiO of
5.3 across four samples. In our E, data for the suboxide
compositions, particularly aSi64064 and aSi64096, some
spread in our computed values is attributable to a somewhat
ambiguous band gap in which either or both the VB and CB
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edges have a discontinuous splintering of eigenstates as a
function of energy; as a result, it is not possible to precisely
define the edges of the gap in those cases. From our experi-
ence, we believe that the wide variation reported in material
properties for these suboxide systems is a result of significant
uncertainty in both composition (including impurities) and
sample morphology.

In general, the more subtle changes in optical spectra with
composition for a-Si:H relative to a-SiO, is largely correlated
with the magnitude of change in optical gaps as composition
changes. Furthermore, aside from any chemical effects, the
physical range of composition investigated is much smaller
for a-Si:H (0 to 15.8 at. % H) than for a-SiO, (0 to
66.7 at. % O), so the impact on resulting optical spectra
should be significantly greater for a-SiO,. The gaps are 1.4
eV and ~9.0 eV for a-Si (Ref. 1) and a-SiO,,> respectively,
so the a-SiO, spectra presented cover a gap change of
~7.6 eV; in contrast, a maximum gap of about 1.8 eV (Ref.
1) can be achieved in a-Si:H, so the a-Si:H spectra presented
cover a gap change somewhat smaller than the limiting case
of 0.4 eV.

We have detailed both the limitations and strengths of
DFT-based property predictions in amorphous materials. The
most significant limitation in our mechanical property pre-
dictions is attainment of either a sufficiently large supercell
or a sufficiently large sample size to adequately represent a
random bond topology network. The significant limitations
in optical property predictions are grounded in both the well-
known band-gap underestimation associated with DFT cal-
culations and the independent-particle approximation for op-
tical transitions. The chief strength of our approach, provided
realistic structural models are used, is representation of an
exact stoichiometric composition and nanoscale morphology.
Experimental property measurements are often clouded by
accurate identification of the sample material because factors
including deposition process and conditions, annealing pro-
cedure, measurement technique, film density, material homo-
geneity, sample purity, and surface roughness all potentially
influence the material properties we have investigated.

IV. CONCLUSIONS

In summary, we employ DFT-based methods for predict-
ing the mechanical and optical properties of variable-
composition amorphous matrices (a-Si:H and a-SiO,). A sta-
tistical sampling of total-energy data for eight different
amorphous compositions was used to calculate elastic ()
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and bulk (B) moduli using second-order numerical deriva-
tives. Addition of H to a-Si monotonically reduces Y by
18.3% and B by 16.2% as H incorporation increases to
15.8 at. % H in a-Si:H. Similarly, addition of O to a-Si
monotonically reduces Y by 35.0% and B by 38.3% as x
increases to 2.0 in a-SiO,. In both cases, the reduction in
moduli strongly correlates with decreasing sample density
and is largely related to the weakening of the rigid tetrahe-
dral network in Si.

We utilize an established PAW methodology based on cal-
culation of the longitudinal form of the dielectric matrix to
compute optical spectra for the imaginary and real parts of
the complex dielectric function, (w). As H is added to a-Si,
we observe the intensity of the main E, transition peak of
Im[e(w)] to decay slowly, while the low-frequency dielectric
constant (g,) extracted from Re[e(w)] simultaneously de-
creases by 12.3% as the H content increases to 15.8 at. %. If
our study were extended to higher H content in a-Si:H, we
anticipate that the expected blueshift in the E, transition peak
with increasing H content would also become apparent. As O
is added to a-Si, similar, but more pronounced, changes are
seen in the optical spectra. A reduction in E, peak intensity is
accompanied by a blueshift of both the E, transition energy
and the fundamental absorption edge. Values of ¢, decrease
by 91.0% as x increases to 2.0 in a-SiO,. Unlike the a-Si:H
case, the decrease in g, with increasing O content is ob-
served to strongly correlate with the significant increase in
E, as x increases in a-SiO,.

We have summarized the strengths and acknowledged the
limitations in using DFT methods to predict mechanical and
optical properties in amorphous materials. Considering the
large variation in reported experimental measurements and
the limited availability of previous computational results, our
property predictions provide valuable insight into the me-
chanical and optical behavior of a-Si:H and a-SiO, materials,
especially for the less-characterized intermediate composi-
tions.
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