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Intense small wave-vector scattering from voids in amorphous silicon:
A theoretical simulation
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Voids of various sizes have been introduced into amorphous-silicon models that were generated
with molecular-dynamics simulations. The presence of the voids leads to a rapidly increasing struc-

o —l
ture factor for wave vectors below 1 A that is similar to the intense small-angle scattering ob-
served in experiments. The voids cause only small changes in the vibrational densities of states.
The presence of voids decreases the local strain in the a-Si networks, leading to a substantial reduc-
tion in the number of five-coordinated defect sites and a somewhat lower bond-angle strain from the
a-Si model without voids. By comparing the properties of voids in crystalline and amorphous struc-
tures, we find the effect of decreasing the bond-angle disorder is to make the TO peak of the densi-
ties of states narrower and stronger, in agreement with Raman measurements.

I. INTRODUCTION

A universal feature of amorphous solids is the presence
of voids or macroscopic inhomogeneities in the disor-
dered structure. For amorphous semiconductors the
characteristics of the voids are strongly dependent on the
growth conditions. Structural inhomogeneities such as
voids are commonly believed to result in the density of
amorphous silicon or amorphous germanium being lower
than their corresponding crystalline phases. The coarse
micr ostructure and presence of voids in amorphous-
silicon films can be imaged with electron microscopy.
The characteristics of voids in pure and hydrogenated
amorphous silicon have been inferred from intense
small-angle scattering of neutrons, ' electrons, and x
rays. ' These experiments' measured a static struc-
ture factor S(q) displaying a rapid increase for wave vec-
tor less than 1 A . This intense small-angle scattering
was interpreted as due to a distribution of voids.

In many respects the small-angle scattering is the only
quantitative probe of the microstructure of amorphous
films, and is an extremely valuable tool in identifying the
changes in the film microstructure after processing steps
such as annealing or light illumination. In studies of the
Staebler-Wronski effect, for example, Chenevas-Paule
et al. have inferred from small-angle neutron scattering
that illumination of a-Si:H with visible light leads to mi-
crostructural changes at a 100-A scale that are reversible
upon annealing.

The small-angle scattering is a measure of the long-
wavelength density Auctuations in the amorphous rnateri-
al. If this scattering is assumed to be due to voids that
can be represented by an average radius of gyration RG,
the q ~0 scattering intensity is given by the Guinier rela-
tion,

S(q)=Soexp( —
q RG /3) . (l)

For small-angle-scattering data, Guinier plots of 1n[S (q)]
versus q reveal approximate linear relationships over
ranges of q, from which radii of gyration ranging
from 270 to 5 A have been estimated. ' Although this
intense small-angle scattering has been seen with a num-
ber of different probes, there has been little theoretical
modeling of this scattering. In fact, it is not known if
theoretical structural models can support the presence of
voids and can account for this small-angle scattering in
a-Si.

Recently a number of a-Si structural models have been
computer generated with Monte Carlo ' or molecular-
dynamics simulations. ' ' These a-Si models have radi-
al distribution functions, bond-angle distributions, pho-
non densities of states, and the infrared and Raman-
scattering cross sections that compare well with experi-
ment. However, the static structure factor for these mod-
els approaches zero continuously as q —+0. In this paper
we investigate whether theoretical a-Si models can de-
scribe the intense small-angle scattering found experi-
mentally.
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II. RKSUI.TS FOR a-Si 2+5
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FIG. 1. Vibrational densities of states for a-Si models—
without voids {N=512 atoms, solid line), with voids of average
size 44 atoms, and with N=380 atoms. Experimental points are
from Kamitakahara et al. {Ref. 18).

The investigations in this paper are based on the class
of a-Si models generated by Biswas, Grest, and
Soukoulis' (BGS) from molecular-dynamics simulations
of quenching a melt, resulting in N-atom models (N= 512
and 2000) with periodic boundary conditions. The
molecular-dynamics simulations were performed with se-
parable two- and three-body Si interatomic potentials
developed by Biswas and Hamann, ' and resulted in a-Si
structures. This Si interatomic potential' is more com-
plicated than is necessary for calculating vibrational
properties, and its parameters were not optimized to fit
vibrational data. For determining phonon densities of
states, we adopted the Keating model with bond-
stretching and bond-bending force constants (a and P).
Monte Carlo calculations at zero temperature were used
to relax the BGS networks with the Keating potential'
and Keating parameters of a =42. 1 N/m and P/a =0.16.
The change in the atomic positions was minimal as a re-
sult of this additional relaxation step, which led to a local
minimum with the Keating potential energy.

The Keating-model calculations of the vibrational den-
sities of states of the a-Si models' ' compares well with
experiment (Fig. 1), describing the TA and TO peaks
well. The coordination defects in these models have led
to predictions' for localized vibrational modes at both
high and low frequencies. The calculated structure factor
S(q) (Fig. 2) smoothly approaches zero as q ~0, illustrat-
ing the homogeneity of the amorphous network.

The columnar growth of a-Si films ' often leads to
void structures that are somewhat ellipsoidal in nature.
Due to the finite size of our models, columnar voids are
difncult to model. As a first step to understanding the
properties of voids in a-Si, we have chosen to study the
properties of simple spherical void structures, which can
be easily generated. As the results of this paper indicate,
many experimental features of the scattering can be un-
derstood from the simple spherical multivoid structures.
We have also performed calculations for simple ellip-
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FIG. 2. Static structure factor S(q) for a-Si models without
voids (solid line) compared with a-Si models with void sizes of
N, atoms (points).

soidal void shapes and found the vibrational and scatter-
ing properties to be qualitatively similar to that for spher-
ical voids.

We found that a simple way to generate approximately
symmetrical voids in the amorphous network was to re-
move a cluster starting with an atom selected at random
and its shell of first neighbors. The neighbors of this first
shell were removed and the process extended up to m
shells around the central site. With this simple procedure
much fewer bonds are broken than by removing atoms
within some prescribed volume. By choosing the centers
of the voids to be sufIiciently far apart a number of nono-
verlapping voids were then constructed.

The void structures were relaxed by a steepest-descent
relaxation with the two- and three-body Si interatomic
potential, ' which led to a rebonding of atoms at the void
surfaces. The Keating potential was not used in this step
since it preserves the local coordination of the atoms.
Relaxation of the a-Si networks with the Si interatomic
potential was a much more e%cient way to achieve re-
bonding at the void surfaces. After the steepest-descent
relaxation we equilibrated the a-Si models with the Keat-
ing potential with Monte Carlo calculations at zero tem-
perature, which resulted in a minimal change in atomic
positions. The Keating equilibration calculation was per-
formed at difI'erent densities, and we found that some-
what lower atomic volumes were energetically favored
for the networks with voids. The equilibration with the
Keating model was necessary to consistently compare vi-
brational densities of states calculations with the previous
results for a-Si models without voids. We stress that the
models with voids are not hypothetical high-energy
configurations, but are energetically competitive with the
starting amorphous network. The a-Si model 6 (without
voids) had an energy of —3.377 eV/atom compared to
—3.398 and —3.388 eV/atom for models 7 and 8, which
had voids. These energies were computed after the
steepest-descent relaxation step with the two- and three-
body interatomic potential.

The resulting a-Si models showed a substantial increase
of dangling bonds and a decrease of five-bonded sites
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TABLE I. The structural characteristics and local disorder of the Si models with voids.

a-Si
model

No. of
atoms, X

512
414
380
429
463

2000
1696
1565

Average
void size

0
98
44
17

5
0

43
87

No. of
voids

0
1

3
5

10
0
7
5

No. of
shells, (50), ,

(deg)

11.6
10.96
10.53
10.94
11.19
10.92
10.56
10.83

(hr), ,
(A)

0.044
0.043
0.040
0.044
0.046
0.054
0.052
0.059

C-S1

model

407
429

35
87

6.78
4.75

0.032
0.034

from the original network that had no voids. Average
void sizes (N, ) of 17, 44, and 98 atoms were constructed
with values of m of 2, 3, and 5, respectively (Table I).
The vibrational densities of states (Fig. 1) displayed only
small changes with the introduction of the voids. A no-
ticeable feature is the loss of modes between 28 and 32
meV for the networks with voids, so that the density of
states (DOS) has a much deeper minimum after the TA
peak (Fig. 1). Consequently a more well-defined peak at
35 meV appears, which is the analog of the crystalline
LA peak. We interpret the excitations between 28 and 32
meV to be analogous to the longitudinal-acoustic pho-
nons of the crystal with wavelengths in the range (2—4)a,
where a is the crystalline lattice constant (5.431 A).
These modes are unable to propagate through the net-
work when the spacing between the voids is of the order
of the wavelength of these modes, leading to a decrease of
such modes for the networks with voids. In fact, the in-
troduction of voids leads to calculated DOS's that are in
qualitatively better agreement with the experimental
data than that of the original network. ' ' The density
of the a-Si network with the voids is somewhat less than
that of c-Si, in agreement with experimental measure-
ments of the density of a-Si. In contrast, the original a-Si
model had a higher density than c-Si.

The strain in the amorphous network is somewhat re-
lieved by the presence of voids, as illustrated by the some-

what lower bond-angle deviations for the networks with
voids (Table I). It is plausible that the very similar bond-
angle and bond-length disorder leads to little overall
change in the TA or TO vibrational DOS peaks due to
voids.

The relief of the local strain by the voids is also illus-
trated by the substantial decrease in the number of five-
coordinated atoms for the networks with voids (Table II).
The decrease in five-coordinated sites to a density below
l%%uo (from an initial density of 10%%uo) is most evident in
models with large numbers of voids (models 2 and 3,
Table II). As is evident from Table II, there is a large in-
crease in the number of dangling bonds, primarily at the
void surfaces, in the networks with voids. Pantelides has
proposed that the motion of five-coordinated defect
sites is an important pathway for atomic diffusion in a-Si.
The substantially reduced density of five-coordinated
sites eliminates this diffusion path in the networks with
voids. This feature is qualitatively in agreement with the
absence of H diffusion in rf-sputtered a-Si:H films that
have voids and a high density of dihydride and trihydride
species.

The most significant effect of the voids is to cause a
rapid increase in the static structure factor S(q), for wave
vectors less than 1 A ' (Fig. 2), with negligible changes
for larger q. The rapidly increasing structure factor
below 1 A is seen for average void sizes of 98 and 44

TABLE II. The number of atoms N; with coordination i in the a-Si models with voids, compared
with the a-Si model without voids.

a-Si
model

1

2
3

5

No. of
atoms

512
414
380
429
463

Void
size

(N, )

0
98
44
17

5

No. of
voids

0
1

3
5

10

N2

34
69

101
77
50

N4

425
338
276
348
386

N5

52
5
1

3
26
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FIG. 3. Smail wave-vector region showing the rapidly in-

creasing structure factor for a-Si models with average void sizes
of N, atoms (points), compared to the a-Si model without voids.

atoms (Fig. 3). The increase in S(q) is barely perceptible
for the 17-atom voids and not shown separately in Fig. 3.
The finite size of the periodic unit cell leads to a cutoff for
the smallest wave vector in the calculation, which is
0.28—0.30 A ', for the networks in Fig. 3.

In Fig. 4 we plot our results for S(q) with an average
void size X, of 44 atoms, together with the experimental
results of Postol et al. ' The agreement is impressive in
the entire q region. For very low q our calculated S(q) is

larger than experiment. It is worth noting that the
second peak of S (q) is higher than the first peak, similar
to experiment. Amorphous silicon models from Monte
Carlo simulations ' had the first peak of S(q) much
higher than the second peak, ' indicating excessive long-
range order in the Monte Carlo models. Calculated S(q)
for a-Si models compare well with experiment in the

0

large-q region (q) 1.5 A), as discussed by other au-
thors ""

A Guinier plot of in[S(q)] as a function of q (Fig. 5)
for the void structures constructed from the N=512
model reveals approximate linear relationships for q &0.8
0
A ', although there is a considerable scatter. The scatter

FIG. 5. Guinier plot of the logarithm of the structure factor
as a function of q . Only the rapidly increasing S(q) due to

0
scattering from voids for q &0.9 A is shown. Approximate
straight-line fits to the calculations are shown.

in Fig. 5 may be a result of the nonspherical nature of the
voids since the removed atoms are not distributed
symmetrically around the central site. We expect that
the scatter would be less significant for larger void sizes
where the variations at the boundary have less effect
on the void size. From the slopes in Fig. 5, and as-
suming Eq. (1) holds, we extract void radii (RG) of 4.53
A (X, =98) and 3.94 A (X„=44), which are somewhat
smaller than the void radii of 5.26 and 4.16 A expected
for crystalline Si (i.e., the fourth- and third-neighbor dis-
tances) at the same density as our a-Si model. The relax-
ation of the structure may be lead to a compression in the
volume of the individual voids.

We confirmed that the large scattering was indepen-
dent of the amorphous network used by calculations for
the larger 2000-atom network, where a larger number of
voids (of 43- and 87-atom size) was possible (Table I).
Owing to the large size of the dynamical matrix, the pho-
non DOS could not be explicitly calculated for this net-
work. The calculated S(q) (Fig. 6) shows very similar
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FIG. 4. Structure factor S(q) for a-Si model with voids com-
pared to experimental data from Postol (Ref. 1). The results for
S(q) for N, =98 were very similar and not shown separately.
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FIG. 6. Small wave-vector region showing the rapidly in-
creasing structure factor for a-Si models with average void size
N„compared to the a-Si model without voids (with N=2000
atoms). The void structure were derived from the N=2000
atom a-Si model.



39 INTENSE SMALL WAVE-VECTOR SCATTERING FROM VOIDS. . . 5105

lA

L
O
L

C)
C3

250

200

I 50

I

void o-Si Nv -44
void c-Si Nv -35

(I

II
gI
Il

l

IO

4 5
q(A ')

—void p-Si Nv ™44—void c-Si N„- 35

I

6 7 8 9

50 FIG. 8. Static structure factor of a-Si model with voids com-
pared to the model derived from voids in a c-Si structure.

20 40

%u(meV)

80

FIG. 7. Vibrational densities of states for a-Si models with
voids (rms bond-angle distribution 10.5'), compared to the mod-
el derived from voids in a c-Si structure (rms bond-angle distri-
bution 6.8').

trends as the smaller networks, including an abrupt in-
crease for q (0.75 A '. The larger scatter of the S(q) in
the small-q region may be a result of substantial varia-
tions in the void size.

The large scattering at small wave vectors can also be
seen in the dynamic structure factors of modes below
—10 meV. The low-frequency localization' seen in the
a-Si models is still present but somewhat inhibited in the
models with voids. In a number of the void models we
found that the single atoms that participated in the low-
frequency resonant modes have been removed during the
construction of the voids. Also, the generation of the
voids has reduced the local strain that led to the strong
low-frequency localization.

III. COMPARISON OF VOIDS
IN c-Si AND a-Si

Recent Raman measurements by Lannin on amor-
phous Ge films deposited by sputtering at different tem-
peratures showed that the higher-temperature films that
had greater local order had a narrower and stronger TO
band. It was proposed that the width of the TO vibra-
tional band ' or the ratio of the TO and TA peak
heights could serve as a measure of the local order of
the amorphous material, and thus provide a convenient
characterization tool of the film microstructure. In the
limit of crystalline silicon, the TO band is very sharp with
a TO to TA peak ratio of -2.

We attempted to test the sensitivity of the vibrational
spectra to the degree of disorder in a-Si. We found that a
convenient way to decrease the disorder from that of our
a-Si models was to make models of voids in c-Si struc-

tures. We generated voids in a crystalline diamond Si
structure (with a 512-atom supercell), and relaxed the re-
sulting void structures with steepest-descent calculations
followed by Monte Carlo relaxation, as in the amorphous
case. This resulted in two void structures with different
void sizes (Table I). The band-angle distributions in these
structures ranged between 5 and 7 (Table I), due to the
atoms at the surface of the void having an approximately
amorphous environment, while atoms in the bulk region
had distorted tetrahedral coordination.

The vibrational densities of states for the void model
derived from c-Si are compared with that of an a-Si void
model (Fig. 7). We confirm the Raman findings that the
TO peak is the most sensitive probe of the local disorder
and shows a pronounced narrowing to -5.5 meV in our
model that has a rms bond-angle distribution of 6.8',
from its original value of —15.4 meV. The ratio of the
TO to TA peak heights can serve as an index of the crys-
tallinity of the material. As expected, the LA- and LO-
derived features are considerably sharper in the c-Si mod-
el with voids which may have many features similar to
that of microcrystalline silicon. The TA band is least
sensitive to the variation of the local disorder. The static
structure factor S(q) (Fig. 8) also shows a rapid rise
for wave vectors below 1 A ', but has sharp features at
larger q.

In conclusion, we have generated models of amorphous
silicon that contain voids of various sizes. These a-Si
models give rise to intense small wave-vector scattering
similar to the experimental data. We confirm that the
Guinier scattering form is approximately valid. We ex-
pect the theoretical calculations to be smoother for calcu-
lations with larger voids. In future work we plan to study
the vibrational properties and structure factors from hy-
drogen on the void surfaces.
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