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Structural and vibrational properties of a realistic model of amorphous silicon

K. Winer
Max-Planck Instit-ut fii r Festkorperforschung, Heisenbergstrasse I, D 700-0 Stuttgart 80, Federal Republic of Germany

(Received 14 July 1986; revised manuscript received 17 October 1986)

Calculations of the structural and vibrational properties of a 216-atom continuous-distorted-
network model of amorphous silicon with periodic boundary conditions are presented and discussed.
The pair correlation function and geometric distortions of the model are in good agreement with ex-
periment. The eigenmodes of vibration are calculated using both the Keating and Weber interac-
tions. The resulting phonon density of states and Raman and ir spectra also show good agreement
with experiment. The results demonstrate that the model is representative of the bulk, homogeneous
structure of amorphous silicon.

I. INTRODUCTION

Amorphous silicon and its alloys have immediate and
important applications in the fields of electronics and en-

ergy conversion technologies. Also, its simple chemical
bonding and composition make amorphous silicon an
ideal prototype for the study of the disordered solid state.
Although the majority of effort has been concentrated on
investigating its technologically useful properties, the cen-
tral problem of amorphous silicon remains the determina-
tion of its structure at the atomic level.

Progress in this direction has been slowed by two fac-
tors. First, unlike the crystalline phases, there is no exper-
imental technique available that can determine the coordi-
nates of atoms in amorphous silicon. The most detailed
experimental measure of its structure is a one-dimensional
correlation function derived from x-ray or neutron dif-
fraction data. ' The very nature of this function precludes
the unambiguous determination of the structure of amor-
phous silicon because, in principle, an infinite number of
possible structures can be found that are consistent with
the data. Most attempts to interpret the main features in
the correlation function of amorphous silicon have
relied on structural models, both hand-built and
computer-generated.

The experimental correlation function provides a means
of distinguishing between different types of competing
structural models. The basic requirement of agreement
with diffraction data has eliminated microcrystalline
models, models based on polymorphic structures, and
polytopic models from serious consideration as represen-
tatives of the bulk, homogeneous structure of amorphous
silicon. It is now generally agreed that this structure is
best represented by continuous-random-network models. '

Because the correlation functions of completely random
networks are in poor agreement with experiment, I refer
to the latter type of structural model as a continuous dis-
torted network (CDN). In lieu of more direct experimen-
tal techniques, the most effective method of determining
the structure of amorphous silicon seems to be through
the study of CDN structural models.

Despite the relative maturity of this approach, standard
model building techniques that lead to realistic amor-

phous silicon structures are not well developed. Since
Polk constructed the first CDN model of amorphous sil-
icon in 1971, many of these models have been produced
with structures in varying degrees of agreement with ex-
periment. Each model can be distinguished by the num-
ber of atoms it contains, its method of construction, its
boundary conditions, and by its geometric and topological
distortions relative to the diamond structure. Attempts to
draw general conclusions from a comparison of these
models concerning the relative importance of specific
structural properties are complicated by the significant
variation of more than one characteristic parameter from
model to model. The second major stumbling block to
progress in determining the structure of amorphous sil-
icon, therefore, has been the lack of a practical, systematic
method of producing "standard" CDN structural models.

I propose three minimum criteria that such models
should meet. First, the models should be computer-
generated to eliminate the bias that can occur in hand-
built models. Second, the models should have periodic
boundaries, which are the most convenient and realistic
way to terminate free surfaces. I make use of a further
benefit of periodic boundaries in this study by allowing
the inclusion of long-range forces in a straightforward
manner. Of course, there is some question as to whether
periodic boundary conditions are justified in amorphous
silicon models when the implied long-range order is expli-
citly lacking in the real material. However, as long as the
lattice constant of the unit cell is greater than the range of
atomic correlations ( —10 A), the structure of a model can
be a good approximation to that of real amorphous sil-
icon. Finally, the correlation functions of the models
should show no serious discrepancy with that of experi-
ment. This last criterion is the most important. Models
that do not meet this criterion simply must be rejected as
representatives of amorphous silicon.

There have been several attempts ' at using these cri-
teria to produce realistic amorphous silicon structures, but
only very recently have such attempts been successful.
Wooten, Winer, and Weaire (WWW) have developed a
simple and practical algorithm for the systematic con-
struction of large, periodic CDN models of amorphous
silicon whose correlation functions show no serious
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discrepancy with experiment. The fulfillment of the
minimum criteria for "standard" model construction,
however, does not guarantee that the resulting structures
are also consistent with other available experimental mea-
surements. The vibrational properties are particularly
useful as a further test of the validity of structural models
of amorphous silicon. These properties depend strongly
on the local arrangement of atoms in the structure and
therefore can serve as a sensitive guide for further model
discrimination.

In the next section, I examine the structural properties
of the most realistic CDN model yet produced by the
WWW algorithm. In Sec. III, I examine the vibrational
properties of the model including the Raman and infrared
activities. On the basis of the calculated structural and vi-
brational properties of the model, I argue that it is a fairly
realistic representation of the bulk, homogeneous struc-
ture of amorphous silicon and is therefore a worthy candi-
date for further investigation.

II. STRUCTURAL PROPERTIES OF A CDN MODEL
OF AMORPHOUS SILICON

The model I consider contains 216 atoms, has cubic
periodic boundary conditions with a lattice constant of
16.2813 A, is fully fourfold coordinated with no dangling
bonds, and has been relaxed to an energy minimum with
both Keating and Weber " interactions. Standard mea-
sures of the geometric distortion for the model are com-
pared with experiment in Table I.

The density at which the disortion energy is minimized
for the model is slightly greater than that of the diamond
structure. Diffraction experiments suggest that the densi-
ty of amorphous silicon is slightly lower. Other experi-
ments yield densities either slightly above or below the
crystalline density. ' Because real amorphous silicon thin
films contain voids and other defects, density comparisons
with fully fourfold coordinated models, as well as many
other quantitative comparisons, must not be given undue
weight.

The essential difference between relaxing structures
with the Keating potential and the Weber interactions is
the effect of long-range (Coulomb) forces. The main ef-
fect observed in the CDN model is the significant reduc-

tion in the rms bond-length deviation without a corre-
sponding large increase in the rms bond-angle deviation.
This comes about because of the additional degree of free-
dom in the Weber interactions introduced by the off-axis
positions of the bond charges.

Curiously, the distortion energy of the model is much
higher when relaxed with the Keating potential. Al-
though the Keating and Weber interactions are quite dif-
ferent, one can compare the dominant, short-range part of
the Weber interactions with the Keating potential by de-
fining an effective )t3/a. This turns out to be about 0.3,
very close to the value used in the Keating potential. The
vibrational properties of distorted structures calculated
with the Weber interactions depend strongly on the bond-
length distortions. " It is possible that, for the same angu-
lar distortion, the Weber distortion energy of some struc-
ture would be reduced from the Keating value by a lower-
ing of the average bond strain. A more detailed under-
standing of the difference in distortion energies must
await further investigation.

Comparisons of the bond-angle and bond-length distor-
tions with those inferred from experimental correlation
function or Raman peak widths must also be made with
caution. Again, the presence of defects and impurities in
real amorphous silicon films may complicate interpreta-
tions of distortion. The wide range of experimentally
measured bond-angle deviations makes this clear' The
important point is that the model contains distortions
near to those found in amorphous silicon.

A far more significant test of the model is to compare
its pair correlation function with experiment as shown in
Fig. 1. There is substantial agreement up to about 8 A,
which encompasses the first four peaks. The peaks
beyond about 8 A in the correlation function of the model
are due to interference effects that occur at distances
larger than half the lattice spacing. Although the agree-
ment is far from perfect, and perhaps not within experi-
menta1 error, it is sufficiently good to consider this model
to be a representative "standard" model according to the
criteria described in Sec. I.

The ring statistics for the model are shown in Table II.
The immediately discernable difference between the model
and the diamond structure is that the former has five- and
seven-membered rings. In fact, every atom in the model

TABLE I. Structural characteristics of the CDN model.

F-2 Si 1.00

rms

0.0%%uo

56

0.0%

AE (eV/atom)

0.00

Ia-Si

Keating
(P/a=0. 285)

11.3

Weber
(P/a =0.300)

Experiment

1.03

0 90'

2.2%

1.6% 9.7"

0.20

0.25'
0

I

0 2 4 6 8 10

'Etherington et al. (Ref. 1).
Temkin et al. (Ref. 13).

'Derived from the Keating potential by considering an rms an-
gular distortion of 9.7 .

FIG. 1. Pair correlation function of the CDN model (solid
line) compared to that derived from the neutron diffraction data
(dashed line) of Ref. 1.
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TABLE II. Ring statistics for the CDN model.

N=

Model
Diamond
structure

0.43
0.00

0.97
2.00

1.01
0.00

1.88
3.00

1.00—

F-2 Si

0.50—

is a member of a sevenfold ring and most are members of
fivefold rings. No atom has a local ring structure that is
indistinguishable from that of the diamond structure. By
this measure of the local topology then, I can say that no
atom lies in a local diamond-structure environment.
Therefore I conclude that this model is a member of the
purely amorphous class of structures.

What does this really mean? In one sense, it only
means that every atom has an odd-membered ring passing
through it. Quantitative measures of geometric distortion
in amorphous silicon models are well developed. The rms
bond-angle deviation has become almost a figure of merit
for structural models. I believe it is equally, if not more,
important to have a measure of the topological distortions
in structural models. Here I propose the distribution of
rings as one measure of the local topology. But it is prob-
ably not the best measure. Nevertheless, it provides an
unequivocal distinction between structures with certain
kinds of residual diamond-structure character and those
without. Unfortunately, it is not a perfect distinction.

The structure factor of the model, which is related
through a Fourier transform to the pair correlation func-
tion, is shown with Q along the [111]direction in Fig. 2.
One would expect a small random intensity in the struc-
ture factor for a completely random collection of atoms.
Any peaks in the structure factor would indicate some
type of residual order in an amorphous structure. The
CDN model has such residual order. This is apparent
from the peaks at 2, 6, and 8 A ' that correspond to

those found in the structure factor of diamond-structure
silicon. I believe that these peaks are due to the geometric
constraints imposed by the maintenance of cubic boun-
daries in the model construction process. In particular,
the use of 8N atoms contained by cubic boundaries, just
as in the diamond structure, seems always to lead to such
residual peaks in the structure factor. ' The structure fac-
tor for the model averaged over all directions shows good
agreement with that of experiment, as might be expected
from the agreement with the correlation function. The
intermediate-range correlations necessary for the appear-
ance of such peaks are not due to a memory of the
diamond-structure topology because such an effect would
be detected in the correlation function or the ring statis-
tics.

Whether such residual intermediate-range correlations
are also characteristics of real amorphous silicon is not
clear from diffraction studies, but residual intermediate-
range order has been inferred from electronic and optical
studies on amorphous silicon. ' In the case of laser-
quenched amorphous silicon, which has been sho~n to ex-
hibit a high degree of network order, ' the amorphous
material produced by the laser pulse ( —150 A thick) is
surrounded by crystalline silicon. It is possible that the
surrounding crystal imposes additional constraints on the
topology of the amorphous layer similar to those imposed
in the CDN model by the cubic boundaries. One could
believe that a similar situation might also exist for amor-
phous silicon films deposited on single-crystal silicon sub-
strates. The presence of residual intermediate-range order
in a model might in fact be representative of some types
of real amorphous silicon. However, it is not clear that
such is the ease for the correlations inferred in the present
model.

The dihedral-angle distribution of the CDN model is

compared with that of the diamond structure in Fig. 3.
The statistical broadening about the two diamond-
structure peaks also indicates the presence of residual or-
der in the model. It is even 1ess clear whether this should
be viewed as a deficiency in the model structure. The
dihedral-angle distortion is sensitive to the geometry and,
to a lesser extent, the topology of the structure. As such,
it should perhaps be expected that, like the bond lengths
or bond angles, the dihedral angles will be distributed
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FIG. 2. Comparison of the structure factor of the CDN
madel with that of the diamond structure along the Q~~[111]
direction.

FIG. 3. Dihedral-angle distribution of the CDN model com-
pared to that of the diamond structure. The latter consists of
two delta functions at 60 and 180'.



35 STRUCTURAL AND VIBRATIONAL PROPERTIES OF A. . . 2369

~~ IIII'

, ~~illa'! ~a~
&IEJ 8'

W WWP gp ~g,

'3

?.:R

?pa

FICr. 4. Computer-generated pictures of (a) diamond-structure silicon and (b) the CDN model. View toward the (110) face.
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about the diamond-structure values with the largest num-
ber of angles near 60 and 180'. It is interesting to note
that the 2:1 ratio of 60' to 180 angles in the crystal is ba-
sically maintained in the area of the two main amorphous
peaks.

Computer-generated pictures of the CDN model and
diamond-structure silicon, with the view toward the (110)
face, are shown in Fig. 4. Some remnants of the hexago-
nal cell structure remain in the amorphous network and
the onset of diamond-structure ordering can be seen. In
fact, only a few pairs of bond switches separate this struc-
ture from a partially crystalline configuration. ' One can
easily see the effect of bond breaking in the conversion of
sixfold and eightfold rings into fivefold and sevenfold
ones. In particular, one can see something of the distribu-
tion of rings passing through particular atoms on the
(110) face. Such qualitative analysis is most easily per-
formed by visual inspection.

The fact that only one or two pairs of bond switches are
capable of removing an atom from oddfold ring member-

ship does not necessarily mean that the structure as a
whole occupies one of the lowest metastable states above
the amorphous to crystalline transition. In the extreme
case, one could have only one atom in a local diamond-
structure environment and the rest of the structure could
be grossly distorted. Yet it is the exhaustive nature of the
WWW model construction algorithm that virtually
guarantees that the local separation from the diamond
structure will be small and roughly the same for each
atom in the structure. On the basis of this homogeneity,
the low geometric distortions, the reasonably good agree-
ment with the experimental correlation function, and the
lack of local diamond structure, I claim that the present
CDN model is a close approximation to bulk, homogene-
ous amorphous silicon.

I cannot prove, however, that this model or similar
models are necessarily representative of the bulk, homo-
geneous structure of real amorphous silicon films. I can
show that the bulk properties of amorphous silicon can be
well represented by applying simple, though realistic, in-
teractions to the model structures. This is a necessary
part of model evaluation in any case because many of the
properties so far described are not subject to direct experi-
mental confirmation. I chose the vibrational properties as
the next step in model evaluation because of the simplicity
of the calculations involved, the well-developed theory of
lattice interactions for silicon structures, and the recent
growth in experimental information concerning the vibra-
tional properties of amorphous silicon through neutron
scattering studies.

III. VIBRATIONAL PROPERTIES
OF THE CDN MODEL

Raman scattering and infrared transmission experi-
ments continue to be the standard methods to obtain in-
formation regarding the phonons in amorphous silicon.
These methods produce spectra that are related to the
phonon density of states through the matrix elements, the
exact nature of which is imprecisely known. Kamati-
kahara et al. ' have recently performed neutron scattering
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FIG. 5. Phonon density of states: (a) calculated for the CDN
model; (b) obtained from neutron scattering measurements of
amorphous silicon films (Ref. 18); and (c) calculated for silicon
in the diamond structure by Weber (Ref. 9).

experiments on amorphous silicon thin films. Neutron
scattering has the advantage of being independent of ma-
trix element effects for high values of the momentum-
transfer vector Q. The spectra derived from such experi-
ments are expected to provide a more accurate measure of
the phonon density of states of amorphous silicon.

The neutron scattering data is shown in Fig. 5 along
with the phonon density of states for diamond-structure
silicon and the present CDN model. The k=O phonon
density of states was calculated by diagonalizing the full
dynamical matrix for the Keating potential or the full ef-
fective dynamical matrix (with bond charge degrees of
freedom removed) for the Weber interactions. All vibra-
tional spectra for the CDN model have been smoothed by
applying Gaussian broadening (FWHM equals 23 cm ')
to the calculated histograms.

The phonon density of states for amorphous silicon de-
rived from the neutron scattering experiments appears to
be basically a broadened version of that for the crystal.
There are four main features, corresponding to the
TA-, LA-, LO-, and TO-phonon peaks in the crystal den-
sity of states. Kamatikahara et al. have noted three main
differences between the phonon density of states of amor-
phous silicon derived from neutron scattering and that of
diamond-structure silicon: (i) the peak at the top edge of
the TA band observed in the crystal density of states is
missing, (ii) the position of the LA feature occurs at lower
frequency than in the crystal, and (iii) the relative intensi-
ty of the TO peak is smaller compared to that of the crys-
tal.

The Weber interactions reproduce the phonon density
of states of silicon in the diamond structure to within a
few percent. It seems appropriate to look for an explana-
tion of these differences in the phonon density of states of
a reasonable structural model of amorphous silicon, such
as the present CDN model, calculated with the Weber in-
teractions.

The result of the calculation does not differ significant-
ly from the result using the Keating potential (Fig. 6), al-
though the phonon density of states derived from the
Weber interactions is shifted uniformly to higher frequen-



35 STRUCTURAL AND VIBRATIONAL PROPERTIES OF A. . . 2371

I

V) Keating
CO

u ———Weber
(f)

O
O

CL

6000 200 400
Wave Number (cm ' j

FIG. 6. Phonon density of states for the CDN model using
Keating and Weber interactions.

cy due to the presence of deviations from the ideal crystal
bond lengths. " Such a shift could be eliminated by scal-
ing the parameters in the Weber model, as those in the
Keating model have been scaled, to produce better agree-
ment in terms of absolute peak positions. However, rela-
tive peak heights and positions are just as useful. There-
fore I have shifted all vibrational spectra calculated for
the CDN model with Weber's interactions by 15 cm ' to
lower energy to facilitate comparison with experiment.

I base the choice of the magnitude of the shift on the
experimental observation that the amorphous TO-like
band, while broader, is not significantly different from
that of the crystal in terms of either shape or position.
This follows directly from the preservation of short-range
order in amorphous silicon and the dominant bond-
stretching character of these modes. Aligning the TO-like
peak of the calculated spectrum with that of the crystal
requires only a small frequency shift and provides reason-
able agreement with the experimental neutron scattering
data. This gives me some confidence that the trends ob-
served in the calculation, particularly the relative shift of
peak positions, are real and not just an artifact of the
choice of axes.

Because the calculated phonon densities of states de-
rived from Weber's interactions and the Keating potential
are fairly similar, I conclude that (1) the inclusion of
long-range forces in the calculation of the vibrational
properties of amorphous silicon has little effect and there-
fore is probably not necessary to understand the details of
the vibrational spectra, and (2) these details depend mostly
on the structure of the model used in the calculation.

The Weaire-Alben theorem' requires a dominant low-
and high-frequency peak in the amorphous silicon phonon
density of states purely as a result of the fourfold coordi-
nation and approximate tetrahedral bonding preserved in
this phase. All structural models cannot help but repro-
duce these two peaks using a reasonable set of interac-
tions. The two mid-frequency peaks, present in all experi-
mental spectra, are usually missing from the phonon den-
sity of states calculated for poor structural models. I be-
lieve that a calculated phonon density of states with the
correct number of peaks and proper relative peak posi-
tions and intensities, as determined from experiment, is
indicative of a realistic structural model.

The Weber-derived phonon density of states of the

CDN model (Fig. 5) also resembles very closely a
broadened version of the density of states for silicon in the
diamond structure, especially the TA- and TO-like peaks.
The TA band appears to be substantially shifted to lower
frequency, which may account for the missing high-
frequency shoulder in the experimental spectrum. The
TA modes also seem to be appreciably flattened, probably
by the same mechanism that gives rise to their flattening
in the crystal. The resemblance of the TA-like peak of
the amorphous silicon model to that of the crystal may be
due in part to some residual diamond-structure ordering,
but is more probably a natural result of employing
Weber's interactions in the calculations. I note that the
phonon density of states for germanium in the T-12
("ST12") structure calculated with Weber's interactions
also exhibits a marked flattening of the TA band. "

The calculation also shows a decrease in the frequency
of the LA peak compared to the crystal density of states
in agreement with the neutron diffraction data. However,
I have no explanation for this behavior.

The large relative intensities of the LA and LO peaks
and the reduced intensity of the TO peak found in the
neutron scattering data are not well reproduced in the cal-
culations for the CDN model. This is perhaps not
surprising. The relative peak heights from the data are
also at odds with those in the phonon density of states cal-
culated for other a-Si models, ' the diamond structure,
and the polymorphs B-8 ("BC8")Si and T-12 Ge." There
is some indication that the integrated intensity of the
mid-frequency peaks increases with increasing topological
distortion. " The low relative intensity of the TO-like
peak is, however, less easily understood, but may be due to
the presence of dangling bonds present in real amorphous
silicon films.

One possible explanation for the large differences in the
relative peak intensities observed in neutron scattering
data for amorphous silicon compared with the results of
calculations might be the use of neutron wave vectors (Q)
of insufficient magnitude. Weaire and Alben have
shown that the relative heights of the TA and TO peaks
can vary significantly as a function of Q. Kamatikahara
et al. claim to have averaged over sufficiently high-Q
values to reduce such variations to only a few percent.
They propose that the lack of agreement between model
calculations and experiment might be due to an underes-
timation in structural models of the bond-angle distor-
tions present in real amorphous silicon films. However,
the difficulty of achieving angular distortions in realistic
structural models as low as those present in real films ar-
gues against this view.

The dynamical structure factor calculated for the CDN
model is compared to that derived from neutron scatter-
ing experiments on amorphous silicon in Fig. 7. A
range of phonon frequencies (86+6 cm ') was used in the
calculation to offset the small sampling size and to ap-
proximate the resolution of the experimental data. The
agreement between theory and experiment is reasonably
good except that again the relative peak intensities are not
well represented by the calculation.

The problem of interpreting the peak intensities in the
phonon density of states derived from the neutron scatter-
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FIG. 7. Dynamical structure factor for a-Si. Dashed line
taken from neutron scattering data (1/A, =83 cm ') of Ref. 23.
Solid line calculated from the phonon density of states of the
CDN model using Weber's interactions.

ing experiments makes it desirable to use the Raman and
infrared response of amorphous silicon as a further mea-
sure of the structure of the CDN mendel. This can only
lead to indirect comparisons because I must rely on some
approximations to describe the matrix element effects ac-
cornpanying these two methods. Despite this drawback,
comparisons between the calculated and experimentally
measured quantities can be very useful.

I describe the infrared and Raman response of the
CDN model in terms of a weighted density of states,
whose weighting is determined from phenomenological
expressions for the dipole moment and Raman tensor,
respectively. These expressions result from a considera-
tion of simple, intuitive models of the corresponding
mechanisms involved. Most of these expressions have al-
ready been successfully applied to the study of distorted
silicon structures. ' Because the expressions explicitly de-
pend on the eigenvectors and atomic coordinates, the de-
tails of the spectra very much depend upon the structural
model underlying the calculations. I first examine the
Raman response.

I use the formulation of Alben et al. ' to describe the
Raman response in amorphous silicon. The response is
described in terms of three independent Rarnan tensors
given by

al y (rl'rli I )ut re
l, i

ap = g(rt; Ut +utrt; — I Ut 'rt; ),
l, i

(2)

a3= y Iut rt;
l, i

(3)

where ul is the displacement of atom l for a particular

mode, I is the unit diadic, and rl; is the unit vector from
atom l to atom i.

The tensor a& corresponds to changes in the polarizabil-
ity due to pure stretching motions and has a characteristic
depolarization ratio (a„~!a„„)of —, when averaged over a
large, random (isotropic) sample. This mechanism gives
rise to the sole Raman peak in diamond-structure silicon
at 520 cm ' with a strength of

~

4V 3/9
~

per atom and
an infinite depolarization ratio. az corresponds to
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FIG. 8. Raman spectra of amorphous silicon: (a) the Raman
response for the three mechanisms described in the text applied
to the CDN model using Weber's interactions; (b) experimental
Raman spectra measured from amorphous silicon films (Ref.
24).

changes in the polarizability due io mixed stretching and
bending motions and also has a characteristic 4 isotropic
depolarization ratio. az depends only on bond compres-
sions and has a depolarization ratio of zero. Of these
three mechanisms, one would expect the first to be dom-
inant in amorphous silicon as long as the departure from
tetrahedral symmetry is not too severe. This is in fact the
case for the CDN model as shown in Fig. 8. The contri-
bution to the unpolarized Raman response (a„„
+a„~+a~„+a~~) is shown for each mechanism separate-
ly. The calculations are compared to the reduced Raman
spectrum from experiment.

The sharp peak near 520 cm ' in the Raman spectrum
calculated for the CDN model due to the dominant cz&

mechanism clearly results from the TO-like stretching
similar to that observed for the diamond structure. The
other two mechanisms are much weaker. It is surprising
to see that az is weaker than az by a factor of 4. Alben
et al. ignored a3 in their treatment of the Raman
response of amorphous silicon structural models because
the experimental depolarization ratio of that time, 0.8,
seemed to argue against its inclusion. The currently ac-
cepted value for the depolarization ratio for the TO-like
peak of 0.53 (Ref. 25) and the larger contribution of a3
compared to aq suggest that a3 cannot be properly ig-
nored. However, because of the uncertainty in assigning
coupling constants or treating interference terms, I have
not tried to combine the mechanisms to fit the experimen-
tal data.

Alben et al. ' have defined the infrared response in

amorphous silicon in terms of phonon-induced charge
fluctuations produced by bond-length distortions in adja-
cent pairs of bonds. The dipole moment is given by

pl ~ (rli rlj)(ut 'rl ulj'rjl) .
l(i,j)
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Fig. 9. Infrared spectra of amorphous silicon: (a) the in-
frared response for the two mechanisms described in the text ap-
plied to the CDN model using Weber's interactions; (b) a com-
bination of the two mechanisms compared with the infrared ab-
sorption spectrum measured from amorphous silicon films (Ref.
26).

The dipole moments arise from the transfer of negative
charge from compressed to extended bonds. The infrared
response for the CDN model due to this term is shown in
Fig. 9(a). The spectrum is dominated by a central peak at
300 cm ' with smaller wings at higher and lower fre-
quency. A simple explanation for the enhancement of the
mid-frequency modes for this mechanism has been given
by Alben et al. '

The experimental infrared response of amorphous sil-
icon is shown in Fig. 9(b). There are also four peaks as
found in the neutron and Raman scattering experiments
although the relative intensities are very different. The p&
mechanism does not adequately account for all four
peaks. In particular the TA peak ( —150 cm ') is com-
pletely missing from the calculation. Shen et al. have
suggested that bond-angle distortions need to be taken
into account to properly describe the infrared response in
amorphous silicon. Because bond-angle distortions in
amorphous silicon are always much larger than bond-
length distortions, there is good reason to expect that the
former might be important in any infrared response
theory.

I therefore consider a second mechanism, correspond-
ing to phonon-induced charge fluctuations produced by
distortions of the angle between adjacent pairs of bonds.
The dipole moment is given by

@2= y (ri;+rIJ)(ui; rlJ+ulj ri;) .
l (i,j )

Note that p2 is orthogonal to p& for each bond pair. Both
mechanisms give zero infrared activity when applied to
the diamond structure as they should.

The contribution of p2 to the infrared response is also
shown in Fig. 9(a). It clearly describes the experimental
spectrum much better than p, &. It correctly exhibits four
peaks of approximately the correct relative intensities and
positions indicating that local charge transfer in amor-
phous silicon is mainly due to bond-angle distortions.
These two mechanisms together provide a simple yet fair-
ly complete description of the infrared activity in amor-
phous silicon. I have combined p& and pz in ratio 3:1 and
compare the results to the experimental infrared spectrum
in Fig. 9(b). The fit is good but there is no intrinsic signi-
ficance to this ratio.

In general, using simple descriptions for the effects of
matrix elements on the calculated phonon density of states
I have been able to achieve reasonably good agreement
with the experimental Raman and infrared data. The
agreement between calculation and experiment is not in-
dependent of the model structure nor the corresponding
phonon density of states. Indeed, without a good repre-
sentation of the density of states that a realistic structural
model implies, such good agreement with experiment
could not be achieved.

In summary, I have shown that the CDN model has
bond-length and bond-angle distortions near to those of
real amorphous silicon and that its correlation function is
in substantial agreement with experiment. The model has
no local diamond-structure-like environments and is oth-
erwise consistent with what one would expect for a purely
amorphous structural model.

The vibrational density of states of the CDN model
agrees well with the experimental neutron scattering data
except for the relative intensities of the phonon peaks.
The difficulties in explaining this aspect of the experimen-
tal neutron diffraction data for amorphous silicon make
clear the desirability of systematic measurements of well-
characterized samples with neutron, Raman, and infrared
spectroscopies. Modifications of the phonon density of
states of the model using simple, intuitive expressions for
the Raman and infrared activities provide good agreement
with the corresponding experimentally measured Raman
and infrared spectra.

In general, the CDN model seems to be a fairly realistic
representation of the bulk, homogeneous structure of
amorphous silicon. Future studies of the effects of de-
fects, impurities, or alloying on the vibrational or elec-
tronic properties of amorphous silicon can be carried out
using this model with some confidence that its underlying
bulk structure is basically correct.
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