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Raman spectra and structure of amorphous Si
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In 1985, Beeman, Tsu, and Thorpe established an almost linear relation between the Raman transverse-optic
~TO! peak widthG and the spread in mean bond angleDu in a-Si. This relation is often used to estimate the
latter quantity in experiments. In the last decade, there has been significant progress in the computer generation
of sample networks of amorphous silicon. Exploiting this progress, this paper presents a more accurate deter-
mination of the relation betweenG andDu using 1000-atom configurations. Also investigated and quantified
are the relations between the TO peak frequency and the ratio of the intensities of the transverse-acoustic~TA!
and TO peaks, both as functions ofDu. As Du decreases, the TA/TO intensity ratio decreases and the TO peak
frequency increases. These relations offer additional ways to obtain structural information ona-Si from Raman
measurements.
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I. INTRODUCTION

Many structural properties ofa-Si, such as defect concen
tration and variation in mean bond angle, are difficult
determine experimentally. This is because it is impossible
measure directly the coordinates of atoms ina-Si. However,
important information on the structure ofa-Si can be ob-
tained indirectly through a number of experimental tec
niques. These techniques include neutron, x-ray, and Ra
scattering, electron-spin resonance, and x-ray photoabs
tion. We focus here on Raman measurements, which
relatively easy to perform and frequently used to obt
structural information about the amorphous network.1–4

The experimental Raman spectra ofa-Si show two dis-
tinct bands, at about 150 and 480 cm21, associated with
transverse-acoustic~TA! and transverse-optic~TO! vibra-
tional modes, respectively. Certain features in the Ram
spectrum are highly sensitive to the structural properties
the a-Si sample. For example, the width of the TO band
related to the root-mean-square bond-angle variationDu in
the amorphous network.5

In several computational studies,6–8 the relation between
G andDu was quantified. All studies indicate a broadening
the TO peak with increasingDu, but there is no quantitative
agreement. The linear relation of Beeman, Tsu, and Tho
G51516Du, which dates back to 1985, is often used
experimentalists to determineDu from Raman measure
ments. Here,G is in cm21 andDu in degrees.

Beeman, Tsu, and Thorpe derived his relation using n
structural models ofa-Si. Of these models, five were gene
ated from the same 238-atom, hand-built model by Con
and Temkin,9 which contains only even-membered rings.
contrast, all simulations ona-Si find an abundance of five
fold and sevenfold rings. Moreover, these five Conne
Temkin models are statistically dependent and not perio
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consequently containing a large fraction of surface ato
Experimental values ofDu, based on the radial distributio
function of a-Si obtained in neutron-diffraction studies
range from 9.9° to 11.0°.10 Of the nine structural models
used by Beeman, only three exhibit values ofDu in this
range. New techniques to generatea-Si structures, such a
the activation-relaxation technique~ART!,11–13 as well as
more powerful computers, have made it possible to gene
larger and more realistica-Si systems via computer simula
tion.

Also the description of the Raman scattering process
improved. Beeman used the bond-polarizibility model p
posed by Albenet al.,14 which dates back to 1975. Chara
teristic for this model is the inclusion of three weightin
parameters whose values must be set somewhat arbitra
Several studies have indicated that the values originally p
posed by Albenet al. yield an incorrect value for the depo
larization ratio.3,4 These studies therefore propose differe
weights. Since then, other polarizibility models have be
proposed, for example, by Marinov and Zotov.15

In this paper, we will reinvestigate the relation betweenG
andDu by computer simulation. This simulation is based
a large number of 1000-atom, periodic configurations w
structural properties~radial distribution function, spread in
mean bond angle! that are in excellent agreement with e
periment. Furthermore, recent advances in neutron scatte
techniques have made it possible to directly compare
bond-polarizability models to experiment.16 We therefore
also include a detailed comparison of the model of Alb
et al. and the model of Marinov and Zotov to experiment

Additionally, we present two other methods to obta
structural information from the Raman spectrum. T
TA/TO intensity ratio1 and the location of the TO peak17 are
believed to be directly related toDu; these relations will be
quantified.
©2001 The American Physical Society10-1
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The outline of this paper is as follows. In Sec. II, w
explain the generation of thea-Si configurations used in thi
study. We then discuss how the Raman spectrum is obta
from these configurations. The results and conclusions
presented in Secs. III and IV, respectively.

II. METHOD

To calculate Raman spectra, three ingredients are
quired: ~1! a potential describing the atomic interactions
the sample,~2! a continuous random network representing
realistic sample ofa-Si, and~3! a model assigning Rama
activities to the vibrational eigenmodes of the sample.

In the present work, we use a modified version of t
Stillinger-Weber~SW! potential for all calculations. This po
tential has the same functional form as the original S
potential,18 but with different parameters. The paramete
were chosen specifically to describea-Si, see Ref. 19.

A. Sample generation

To study the effect ofDu on the Raman spectrum, w
require a number ofa-Si configurations with varying value
of Du. These configurations were generated using
ART.11–13 As was shown in previous studies,11,12 the ART
yields structures in good agreement with experiment. T
display a low density of coordination defects, a narrow bo
angle distribution, and an excellent overlap with the expe
mental radial distribution function~RDF!. The method is
outlined below.

~1! Initially, 1000 atoms are placed at random in a pe
odic cubic cell; the configuration is then relaxed at zero pr
sure.

~2! The configuration is annealed using the ART. O
ART move consists of two steps:~1! the sample is brough
from a local-energy minimum to a nearby saddle-point~ac-
tivation; and ~2! then relaxed to a new minimum with
local-energy minimization scheme including volume optim
zation at zero pressure. The new minimum is accepted w
Metropolis probability at temperatureT50.25 eV.

~3! Every 50 ART moves, up to approximately five AR
moves per atom when the energy has reached a plateau
configuration is stored. For 1000-atom samples, this pro
dure yields a set containing 100 samples.

This procedure is repeated nine times generating nine
tistically independent sets of 100 correlated configurati
each. For each set, we found thatDu ranges from approxi-
mately 10° for the well-annealed configurations, to appro
mately 14° for the poorly annealed configurations.

B. Calculation of Raman spectra

We focus on the reduced Raman spectrumI (v) with ther-
mal and harmonic oscillator factors removed. This spectr
is a function of frequencyv and of the form

I ~v!5C~v!g~v!, ~1!

whereg(v) is the vibrational density of states~VDOS! and
C(v) is a coupling parameter, which depends on freque
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and on the polarization horizontal-horizontal~HH! or
horizontal-vertical~HV! of the incident light used in the Ra
man experiment.

To calculate the VDOS, the Hessian is calculated. Dia
nalization of the Hessian gives the frequencies of the vib
tional modes from which the VDOS is obtained.

The functionC(v) is obtained from the polarizibility ten-
sor a~v!. In terms ofa~v!, the coupling parameter for HH
and HV Raman scattering becomesCHH(vp)57G2145A2

and CHV(vp)56G2, respectively, withA and G2 given by
the tensor invariants

A5 1
3 @a111a221a33# ~2!

and

G253@a12
2 1a23

2 1a31
2 #1 1

2 @~a112a22!
21~a222a33!

2

1~a332a11!
2#, ~3!

see for instance Ref. 20.
The form of the polarizibility tensora~v! still needs to be

specified; this is the most uncertain part of the calculati
Several models have been proposed, amongst which are
commonly used model of Albenet al.14 and the more recen
model of Marinov and Zotov.15

In the model of Albenet al., a cylindrical symmetry of
the individual bonds is assumed and each bond is tre
independently as a homopolar, diatomic molecule. Three
ferent forms for the bond polarizibility tensor are introduce

a1~vp!5(
l ,D

uW l•rWD@rWDrWD2 1
3 I #, ~4!

a2~vp!5(
l ,D

uW l•rWD@ 1
2 ~rWDuW l1uW l rWD!2 1

3 I #, ~5!

a3~vp!5(
l ,D

~uW l•rWD!I . ~6!

Here, the summation runs over all atomsl in the sample and
their nearest neighborsD,rWD is the unit vector from the equi
librium position of atoml to the nearest neighborD,uW l is the
displacement vector of atoml when it is vibrating in modep,
and I is the unit dyadic. The total polarizibility tensora is a
weighted sum of the three terms, i.e.,a5B1a11B2a2
1B3a3 . As was stated in the Introduction, the preci
choice of the weightsB is somewhat arbitrary and this is th
major shortcoming of the model. Several studies have in
cated that mechanisms 1 and 3 provide the main contribu
to the Raman scattering process; these propose to
B1 :B2 :B3 proportional to 2:0:1, respectively.3,4 In this pa-
per, we will use this set of weights.

The model of Marinov and Zotov~MZ! has no free pa-
rameters. In this model, the bond polarizibility is express
as a sum of three components; two components paralle
the bond arising from bonding and nonbonding electrons
a third component perpendicular to the bond, see Ref.
Under these assumptions, the polarizibility tensor takes
form
0-2



n
e

d
c-

e
he

ls
e

,

is
e

ue

ng

om

t the
the
ll-

ou-

re-
e in
nt.
er

els
b-
lcu-
li-
, is

2,
the

ned
C

icu-

re
m
ob-
16.
ced

RAMAN SPECTRA AND STRUCTURE OF AMORPHOUS SILICON PHYSICAL REVIEW B63 115210
a~vp!5(
m

r m
2 @~bW m•rWm!rWmrWm1 1

2 ~bW mrWm1rWmbW m!#. ~7!

Here, the summation runs over all bondsm in the sample,rWm
is a unit vector parallel to the bond,r m is the bond length,
and bW m is defined asuW j2uW i ; whereuW i and uW j are the dis-
placement vectors of atomsi andj constituting themth bond,
when vibrating in modep. For a more detailed discussion o
the differences between the two polarizibility models, s
Ref. 15.

The coupling parameter fora-Si has also been determine
experimentally16 through neutron-scattering methods. A
cording to this experiment, the coupling parameter is
slowly increasing function of frequency. We will use th
experimental result of Ref. 16 to test the validity of both t
model of Albenet al. and the MZ model.

III. RESULTS

First, in Sec. III A, we compare the polarizibility mode
of Alben et al. and Marinov and Zotov to experiment. In th
subsequent sections, we investigate the relation between
spread in the bond angleDu and~1! Raman TO peak width
~2! Raman TO peak position, and~3! Raman TO/TA inten-
sity ratio. We show results for HV-polarized light only; th
is the usual experimental situation. Results for HH-polariz
light have also been obtained and are available upon req

A. Raman coupling parameter

The solid curves in Fig. 1 show the HV Raman coupli
parameter fora-Si calculated using the model of Albenet al.

FIG. 1. HV Raman coupling parameter fora-Si calculated using
the model of Albenet al. ~top! and the MZ model~bottom!. The
dashed line is the experimental result taken from Ref. 16. F
quency is in cm21 and all curves are area-normalized.
11521
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~top! and the MZ model~bottom! for the bond polarizibility.
The experimental result of Ref. 16 is also shown~dashed!.
For this calculation, we used a well-annealed, 1000-at
configuration withDu510.0°, since this will most closely
resemble the experimental sample. We have checked tha
general features of the curves in Fig. 1 do not depend on
details of the configuration used; a number of other we
annealed configurations withDu ranging from 10.0° to 11.0°
gave similar results.

Figure 1 shows that both models yield an increasing c
pling parameter for frequencies up to around 500 cm21. This
is in qualitative agreement with experiment. For higher f
quencies, the model calculations predict a sharp decreas
the coupling parameter. This is not confirmed by experime

The quantitative agreement with experiment is rath
poor, especially in the low-frequency regime; both mod
provide substantially less activity in this regime than o
served in experiment. For this reason, Raman spectra ca
lated using either of the two models yield TA peak amp
tudes far below experimental values. This, in our opinion
their major shortcoming.

This point is further illustrated in the top graph of Fig.
where we show the Raman spectrum calculated using
MZ model ~solid! and an experimental spectrum~dashed!
taken from Ref. 21. The experimental spectrum was obtai
from ion-implanteda-Si which had been annealed at 500 °
for 2 h. Agreement between model and experiment, part
larly in the low-frequency regime, is poor.

-

FIG. 2. Top: Reduced HV Raman spectrum fora-Si calculated
using the MZ model~solid!. Bottom: Reduced HV Raman spectru
calculated using the semiexperimental approach the VDOS is
tained by simulation, the coupling parameter is taken from Ref.
The dashed line in both graphs shows an experimental redu
Raman spectrum taken from Ref. 21. Frequency is in cm21 and all
spectra are area-normalized.
0-3
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Given the overall poor performance of both the model
Alben et al. and the MZ model, it may be feasible to follow
a semiexperimental approach in which a computer gener
a-Si sample is used to calculate the VDOS and experime
data is used to describe the coupling parameter. This
proach is justified because several studies have indicated
changes in the Raman spectrum of amorphous silicon are
to changes in the VDOS and upto a lesser degree to cha
in the coupling parameter.21,22

It is important to recognize the limitations of this a
proach. The coupling parameter does to some extent de
on the structure of the sample. For example, in the limit
crystalline materials, the coupling becomes exactly zero
all frequencies, except for those in the TO band. Howev
no forbidden transitions arise in the disordered phase, wh
justifies the semiexperimental approach used here.

The results of the semiexperimental approach are il
trated in the bottom graph of Fig. 2. Here, we show t
Raman spectrum obtained by multiplying a comput
generated VDOS with experimental coupling parameter d
~solid!. To calculate the VDOS, we used a well-annea
a-Si sample withDu510.0°; the experimental coupling pa
rameter was taken from Ref. 16. The dashed line sh
again the experimental Raman spectrum taken from Ref.
Agreement with experiment has improved substantially.

Of the two models considered here, the MZ model p
vides slightly more activity in the low-frequency regime th
the model of Albenet al.; comparison with experimen
would therefore favor the MZ model. However, given t
overall poor performance of both models, we will also sh
in the following sections results obtained using the semi
perimental approach.

B. Raman TO peak width vs Du

The intensity of the Raman TO peak decreases abru
on the high-frequency side, but not on the low-frequen
side. Beeman therefore definesG as twice the half-width at
half the maximum height on the high-frequency side of
TO peak, as a meaningful parameter to specify the TO p
width.6 In this paper, we use the same definition.

The solid lines in Fig. 3 show the relation betweenG and
Du for HV-polarized light, derived using the model of Albe
et al. ~top!, the MZ model~middle!, and the semiexperimen
tal approach~bottom!. Also shown is the result obtained b
Beeman, Tsu, and Thorpe~dashed!.

Both the model of Albenet al.and the MZ model produce
similar results; linear least-square fits yield the equati
G/253.0Du26.5 and G/253.7Du213.3, respectively.
Compared to the result of Beeman, Tsu, and Thorpe,G/2
53.0Du17.5, we see agreement on the sensitivity~i.e.,
slope of the lines! of G to Du, but not on the overall offse
~i.e., intercepts of the lines!. The same holds for the resu
obtained in the semiexperimental approach; least-square
ting yieldsG/253.3Du19.2 in that case.

C. Raman TO peak position vsDu

As another way to obtain structural information ona-Si
from its Raman spectrum, we investigate the relation
11521
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tween the TO peak frequency (vTO) andDu. Figure 4 shows
the relation betweenvTO and Du for HV-polarized light,
derived using the model of Albenet al. ~top!, the MZ model
~middle!, and the semiexperimental approach~bottom!.

According to Fig. 4,vTO shifts to higher frequency asDu
decreases. However, agreement with experiment for both
model of Albenet al.and the MZ model is poor. Experimen
tal Raman spectra of well-annealeda-Si samples yieldvTO
in the order of 480 cm21.21 For well-annealed configurations
for which Du ranges from 9.9° to 11.0°, the models exce
the experimental value by around 20 cm21.

The semiexperimental approach is in much better ag
ment with experiment; a linear fit yields the equationvTO
522.5Du1505.5, which for Du510.0° leads tovTO
5480.5 cm21.

The cause of this is that in the model of Albenet al. and
the MZ model,vTO is determined by the peak in the cou
pling parameter, whereas in the semiexperimental appro
it is determined by the VDOS.

FIG. 3. HV Raman TO peak widthG/2 as a function ofDu,
calculated using the model of Albenet al. ~top!, the MZ model
~middle!, and the semiexperimental approach~bottom!. The solid
lines are linear least-squares fits; the dashed line is the resu
Beeman, Tsu, and Thorpe,G/257.513Du. The units ofG/2 and
Du are cm21 and degrees, respectively.
0-4
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D. Raman TAÕTO intensity ratio vs Du

Next, we confirm that the TA/TO intensity ratio is direct
related toDu. Figure 5 shows the relation between reduc
Raman TA/TO intensity andDu for HV-polarized light for
the model of Albenet al. ~top!, the MZ model~middle!, and
the semiexperimental approach~bottom!.

From Fig. 5, we see that the TA/TO intensity ratio i
creases with increasingDu. The increase is approximatel
linear.

HV Raman experiments on well-annealeda-Si samples
yield a reduced TA/TO intensity ratio around 0.11.21 For
both the model of Albenet al. and the MZ model, the HV
TA/TO ratio is of order 1022, i.e., one order of magnitud
below the experimental value. This is consistent with
earlier finding that both models underestimate the Ram
activity in the low-frequency regime of the spectrum, s
Sec. III A.

The semiexperimental approach, on the other hand, yi
a TA/TO ratio of 0.14 forDu510.0° in better agreemen
with experiment.

FIG. 4. Reduced HV Raman TO peak position as a function
Du for a-Si calculated using the model of Albenet al. ~top!, the
MZ model ~middle!, and the semiexperimental approach~bottom!.
The peak position andDu are given in cm21 and degrees, respec
tively. The solid lines are least-squares fits through the datapo
11521
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IV. CONCLUSIONS

We have generated nine independent sets of 1000-a
samples ofa-Si that display a variety of short-range order
the spread in nearest-neighbor bond angles ranges from
to 14°. For these samples, the HV Raman spectra are ca
lated. To describe the Raman scattering process, we h
used the earlier bond-polarizibility model of Alberet al., the
more recent model of Marinov and Zotov, as well as expe
mental data taken from Ref. 16.

Comparison to experiment shows that both the mode
Alben et al. and the MZ model greatly underestimate t
Raman activity in the low-frequency regime of the spectru
This makes these models less suitable to describe l
frequency features of the Raman spectrum, for instance,
TA peak. Of the two models considered here, the MZ mo
is closer to experiment. However, for a more accurate ca
lation of Raman spectra, we propose a semiexperimenta
proach. In this approach, the VDOS is obtained in compu
simulation and experimental data is used to describe the
pling parameter.

As ways to obtain structural information ona-Si from its

f

s.

FIG. 5. HV Raman TA/TO intensity ratio as a function ofDu for
a-Si calculated using the model of Albenet al. ~top!, the MZ model
~middle!, and the semiexperimental approach~bottom!. The solid
lines are least-squares fits.Du is in degrees.
0-5
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Raman spectrum, we have investigated the relation betw
the TO peak widthG andDu, as well as the relations betwee
the TO peak frequency and the TA/TO intensity ratio
functions ofDu.

According to our results, where we used the semiexp
mental approach,G andDu are related byG/253.3Du19.2
for HV-polarized light. Here,G is in cm21 andDu in degrees.
Comparing this to the result of Beeman, Tsu, and Tho
(G/253Du17.5), we find that our result is similar.

Our results also show a shift of the Raman TO peak f
quency (vTO) towards higher frequency asDu decreases. In
11521
en
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the semiexperimental approach, a linear least-square
yields vTO522.5Du1505.5 for HV-polarized light. Here,
vTO is in cm21 andDu in degrees. According to this equa
tion, the shift ofvTO is approximately 7.5 cm21, going from
unannealeda-Si (Du'13°) to annealeda-Si (Du'10°).
This is in quantitative agreement with experiment.21

Finally, we have shown that the reduced Raman TA/T
intensity ratio~I! is directly related toDu ; I decreases lin-
early with decreasingDu. Using the semiexperimental ap
proach, we obtain the relationI 50.0078Du10.0606, where
Du is in degrees.
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