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Model investigation of the Raman spectra of amorphous silicon
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A model for calculating the first-order Raman spectra of amorphous siliee8i)( without adjustable
parameters is proposed. Calculations on the original 216-atom modeSgfgenerated by the algorithm of
Wooten, Winer, and WeairaVWW) are in very good agreement with experimental spectra and give further
indication that the WWW cluster is a realistic model of moderately disorde/®d The TA-TO assignment of
the low and high frequency bands is supported by direct numerical calculations of the phase quotient and the
stretching character of the vibrational modes. The calculated participation ratios and correlation lengths of the
vibrational modes indicate that the high-frequency TO-like modes are strongly localized on defects. The
relative intensities of the TA-, LA-, and LO-like bands depend on the intermediate-range order, while that of
the TO-like band mainly on the short-range ord&0163-182687)10805-(

[. INTRODUCTION infrared spectra ofa-Si have been calculated by several

he i wation of th  th h | approaches!*>19-25Most of the calculations of the Raman
The |nVeSt|gat|On of the structure of the arc etypa tetra'spectrél,15,21,22are based on the model of induced polariz_

hedral material amorphous silicora-Si) has been active ability, proposed by Albert al?* However, the polarizabil-
area of research over the past 20 years. A large number @ components in this model should be fitted in order to
continuous random network models of its structure and poeompare with experiment. Such a fitting procedure intro-
tentials, describing the interactions ia-Si, have been duces additional uncertainties in the interpretation of the
proposed:1° Although most of these models reproduce with spectra. Besides that, the acoudiiptic) character of the
reasonable accuracy the experimentally measured radial digibrational bands o&-Si has been determined only by com-
tribution function(RDF) of a-Si, they differ considerably in Parison with the vibrational density of stat€gDOS) of
their bond length and bond angle distributions, strain energyerystalline silicon ¢-Si).?*#® The TA band is assigned as
ring statistics, and medium-range order, in general. bond bending taking into account only that its fre_quency
On the other hand, it is widely accepted that the vibra-goes to zero yvhen the bond bendllng to bond. stretc_hl_ng force
tional spectra ofa-Si are considerably more sensitive than CONStants ratio £/a) goes to zerd! The possible mixingf

the RDF to changes in the structure and thus can be used Lthis band with high-frequency bands is studied only on the
a test measure of the credibility of the structural modéls. Pas!s of five- and six-membered rings with Bethe-lattice

The experimental Raman spectra fSi, measured by bpundary conditions. The V|br.at|onal localization of the_
different groupslyl—ﬂ have two main strong; bands at about high-frequency modes in the Biswas, Grest, and Soukoulis

150 and 420 i, wich are commonlyassigned s TA and (£ ol o1 s raced o he peserce ofovercoor
TO bands. It has been shown, however, that the TA/TO in-. <~ ' ! T . type ot the
tensity ratio, their linewidths and frequency positions depend"br""f['onaI bands and Fhelr Iocal|;at|on afS|,'wh|(j,h IS not

on the method of preparation, deposition conditions, degre8nly important for the interpretation Qf the vibrational spec-
of structural disorder, as well as on the hydrogen content irlira'.bUt dalso_. for further dugderstandmg of the structure of
the sampléX1416:17Fyrthermore, if the temperature of the &°S! a?] a-StH, are nie ed. he vibrational .
sample during the Raman measurement is different from the N the present work we study the vibrational modes o
substrate temperature during deposition, an additional diso 1-Si on the basis O.f t2$ 21_6—atom model2Si, generated
der could be introduced due to extrinsic stres€eghe Y the WWW algoritht, which appears to be a rather real-
TA/TO intensity ratio and the TO linewidthIt) in the istic representation of the bulk h(_)mogene_ous structure of
spectra ofa-Si increase with increasing degree of structurala's'_ (R‘;;‘- 10. I_n Sec. Il we brl_efly (_jeflne the phase
disordert>14150n the contrary, the TA/TO intensity ratio in quotient?’ stretching character, participation ratfband cor-
hydrogenated-Si samples decreases and fhg, increases relation length of the vibrational modes, which are used for
with increasing hydrogen contetftTherefore, in comparing analysis of the vibrational modes. In Sec. Ill we present a

a theoretical Raman spectra to experimental ones, it is desif?od€! for calculating the intensity of the first-order Raman

able to know in detail the method of preparation and residuapcatterng ofa-Si \.N'thOUt a_djustal_)le parameters. The results
e compared with experiment in Sec. IV and the conclu-

hydrogen content. It should be noted also that the degree & X
structural disorder ira-Si is usually characterized only by sions are in Sec. V.
the rms bond angle deviatiaké. The influence of the defect
concentration (under and overcoordinated atoms, highly
strained bonds and bond angles the calculated, as well as
on the experimental, Raman spectra is not studied in detail. One of the most difficult problems in the study of amor-
The vibrational density of state®/DOS), Raman, and phous materials is the definition of appropriate quantities for

Il. CHARACTERIZATION
OF THE VIBRATIONAL MODES
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characterization of their vibrational modes. A commonly In structural models with periodic boundary conditions all
used approach includes the calculation of the participatioparameters defined above must be calculated using the near-
ratio and the phase quotient. est image convention in order to determine the atomic sepa-
The phase relationship between vibrations of neighboringations.
atoms can be assessed by the phase qud@B&t originally
introduced by Bell and Hibbins-Butléf:
[ll. CALCULATION OF RAMAN SPECTRA

S ud-ub ,
PQw,)= m+Z, (1) The model most frequently used for calculating the Ra-
2ol Up - U] man spectra 0f-Si is that proposed by Albeet al?! A

cylindrical symmetry of the individual bonds is assumed and

where atomsa and g constitute themth bond,uy is the ; X : .
displacement vector of atom when it vibrates in mode each bond is treated m_dependently as a homopolar diatomic
! molecule. Three different forms for the bond

and the summation is over all nearest-neighbor bonds in the & “"" ".. 4591 : ] .
cluster. If the motion of the atoms and § is roughly par- polarizability*>* are introduceda, a5, andas. In practical

allel for all pairs (acousticlike modes then PQ(Up) would calculations some authors have used either combinations of

have the value oft1. If, on the contrary, the motions are these three formRefs. 11, 21, and 22or only one of
v vaiu - nary, : them!® An extensive discussion af;, a,, and @3 can be

roughly antiparallel for each pafppticlike modeg then PQ found in Ref. 11, where it has been shown that a,, and

(wp) will be _eqL_laI to—1. I . ag all contribute to the polarizedHH) Raman spectrum,
The localization of the vibrational modes on the different

. . o . a4 and a, contribute to the fully depolarize(HV) Raman
atoms is determined by the participation ratieR) defined spectrum, whileas contributes only to the fully polarized

by (Ref. 28: [HH-(4/3)HV] Raman spectrum. An additional assumption is
2 that these three mechanisms of light scattering contribute
(My) . S ;
PR ®p) = - 2) incoherently to the spectra. These difficulties in the practical
MoM: application of the model of Albeet al?! indicate that it is

necessary to adopt such an approach for the calculation of
the Raman spectra &d-Si, which naturally combines all
three mechanisms of light scattering.

For this purpose, we express the bond polarizability as a

where M,=3 ,|ug|*" for n=0, 1, and 2,a numbers the
atoms, and the rest of the symbols are as defined ifHqg.
If the modep is delocalized and all atoms vibrate with equal

amplitudes, then PR(,) will be close to+1. If, on the ) m
contrary, the mode is strongly localized, then REY—0. sum of three componenfg.componentAb , parallel to the

The spatial characterization of the vibrational modes, esPond. arising from the bonding electrons; componéxt,

pecially of the localized modes, can be further analyzed if weP@rallel to the bond, which is due to the nonbonding elec-
define center of gravity, of modep trons, and a transverse componéyt. These quantities are

defined as follows:

2,1 ugl?
M= S |u9|? 3) m\ 4 2
a|up| m (r ) F{ (xa_xﬁ) }
Al=0"———; o"=exp——|;
. . b 6 7 ’ 4 ,
and the corresponding root-mean-square deviafions) V4 n,mp
Le(wp):
3 re=ryl?ugl? (X2n,+X57p)
L wy) = ———— P 4 AM=f p.tfams; Al=nt——5——5-" (6
c(wp) Ea|ug|2 ’ ( ) n n 5715 tr df (Xi_l_xé) ( )

where r* is the radius vector of atona in the model, ) o
L.(wp) represents in fact a correlation length beyond whichWherez, and» are the atomic polarizabilities of the atoms
the amplitude of the atomic vibrations decreases signififorming themth bond,o™ is the fractional covalent character
cantly. It should be noted that in structural models with pe-Of themth bond,X, andX; are the electronegativities of the
riodic boundary conditions the maximal valuelof will be ~ atomsa and B, f, andf, are the fractions of the valence
abouta/2, wherea is the box edge. electrons of the atoma and B out of the bond region, and
In addition to the participation ratio, phase quotient, andngi is the number of degrees of freedom of timth bond.
the correlation length we introduce a parameter referred to ahis form of the bond polarizability has been already applied

stretching characters), to the study of the Raman spectra of silicate glas$es.
The coordination of all Si atoms in the 216-atom WWW
Em|(ug—u€)-Fm| cluster with periodic boundary condition is 4. We assume
S(wp) = : (5  also that all Si atoms are of the same electronegativity and

S Jud—u?f , o e .
m]Up Ul atomic polarizability. In this case™=1, n=0, f, andf,

wherer™ is a unit vector parallel to theth bond and the rest are also zero, so thakf'=0 and Al'=0. As a result, the

of the symbols are as defined in Efl). The value of bond polarizability depends only on the polarizability of Si
S(wp) will be close to+1 if mode p is predominantly of atoms,s, and on the bond lengths. In this particular case, the
bond stretching type, and close to 0 if mopds predomi-  polarizability tensor of thepth vibrational mod& takes the
nantly bond bending. form
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wy)== Abp-r™mem
plop) =32 1e, (A0
+1/2(AbgT™+ A DT (7

WhereAbg‘=ug—ug andr™ is the length of themth bond.

This form of the polarizability tensor is used in the present
paper. In the calculations we have used for all Si atoms in the

cluster the valu®€ 7=2.988 A&.

IV. RESULTS AND DISCUSSION

The original 216-atom model c-Si (Ref. 7) with peri-
odic boundary conditiongbox edgea=16.28 A is gener-
ated with a Keating potential with ratio of the bond bending
to the bond stretching force constapt,e=0.285. The rms

bond-angle deviation from the ideal tetrahedral value is

10.8°, while the rms bond-length deviation from the Si-Si
bond inc-Si is 2.7%.

We obtain the atomic vibrations of the model by direct
diagonalization of the dynamical matrix with a Kirkwood-
type potentiaf*

\Y,

= %IE [(u'=u)-F]?

1
’

{E} [(UI_Ui)'hn"’(Ul_Uj)'ﬁij]z,
1

B
t7 (8

where the first sum is over all atorh&nd their four nearest
neighborsi, the second sum is over all atorhand pairs of
distinct neighbors{i,j}, u' is the displacement of atorh
from equilibrium, ri is a unit vector parallel to the bond
[ —i, while hj; is a unit vector perpendicular to this bond.
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FIG. 1. Calculated phase quotient for the 216-atom model.

the Si-Si bond length in the model is only 2.7%, we have
neglected the dependence of the stretching force conatant
onr in Eq. (8).

The phase quotient as a function of the vibrational fre-
guency, calculated according E@.) is shown in Fig. 1. It
can be seen that the vibrations with frequenoy<180
cm™ ! are of predominantly acoustic character while the high
frequency bands withv>450 cm ! are of predominantly
optical character. This is a first direct proof of the usual
assignment of the acoustic-optic character of the vibrational
bands ofa-Si at about 150 and 480 cm (Ref. 26. Besides
that, the lowest frequency band approaches zero frequency
when the bond bending force constant is small. This verifies
the usual assignment of this band as originating from the TA

We use this type of potential because the bond compresand ofc-Si (Ref. 21). The width of the TA-like band in-
sion and the bond-angle distortion terms in this case are fullgreases with increasing th&/a ratio due to the stronger

separated into bond stretching and bond bending contribuinteraction between stretching and bending modes. We have
tions, while in the original Keating potentfalsuch separa- also studied the phase quotient for different values of the
tion occurs only in the case of bond angle 90°. As a conseg/ « ratio. Independently of how small this ratio is, the major

guence, there is a significant bond stretching contribution irpeculiarities of Fig. 1 remain unchanged. However, for

the bond bending force constant of the Keating potential foi/a>0.07 the change of the character of the bands from
bond angles different from 90°. That is why in our case theacoustic at low frequencies to optic at high frequencies be-
Bl « ratio is expected to be smaller than the above mentionedomes continuous which indicates that in this case there is a

value of 0.285.
In order to perform realistic calculations of the Raman
spectra ofa-Si, using the Kirkwood-type potential, E(B),

mixing between the bands.
We have not performed special calculations to determine
which modes are transverse or longitudinal in character and

the B/« ratio must be redefined. It has been chosen takingccept in the following discussion the commonly used
into account thafi) the VDOS, obtained from neutron scat- assignmerit that the bands at about 150 and 480 ¢nare

tering experiments® indicates that the overlap between the
TA-like band and the other vibrational bands afSi is
small, which is consistent with the choig® «=0.02 (see
below); (i) the frequency position of the Raman active op-

transverse in nature, while the bands in the range 250-450
cm 1 are longitudinal.

The modes below 225 cm are bond bending in nature,
while those above 225 cm are predominantly of bond

ticlike band of the model must be close to that of the corresstretching charactetFig. 2). The later result confirms the

sponding band in the experimental spectryiin) the force

usual interpretation that the TO-like band is of bond stretch-

constants should be in accordance with the phonon dispeirg character, a conclusion made on the basis of separate

sion relation?’ for the diamond-cubic structure ofSi. The
conditions listed above can be satisfied for 125 N/m and

calculations! of the a4, @, anda contributions to the bond
polarizability in the model of Albert al?! As in the case of

B=5 N/m (B/a=0.04) and all the subsequent calculationsthe phase quotient, Fig. 1, there is a jump in the stretching
are performed with these values. Since the rms deviation afharacter(see Fig. 2 at about 225 cmt. Evidently there is
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FIG. 2. Calculated stretching character of the vibrational modes FIG. 4. Calculated correlation length of the vibrational modes
for the 216-atom model. for the 216-atom model.

no significant mixing between the TA-like band and thedegree of localization above 400 cinstarts to decrease and
other bands for realistic values gf a. 1;2'3 result is oppo-  for =520 cni! the modes become strongly localized. This
site to the interpretation of Nicholst al.™™ that the maxima regit is in accordance with the calculations of Biswas
in the central region in the vibrational spectra@Si are g 5120 performed with slightly different definition of the
produc_ed by splitting Off. of the bond bendling gnd bor“jparticipation ratio. The localization of high-frequency modes
stretching ques when enher one starts to mix W't.h th? OIhl's even more clearly seen from the frequency dependence of
ﬁ]rgae':sr%rfg_g:gcsénlb:ré?e efrl)l/t sib(caiY\l/?deg(; i:g[ t\:\t‘oeb\gr?(rjas?%ﬁalthe correlation length, Fig. 4, which abruptly decreases from
' L.=8.14 A for the delocalized modes to 3-5 A for the

below 225 cm* acoustic in nature and with bond bending strongly localized modes. As one can see, there are seven
character and one above 225 ¢hbond stretching in char- gy ! . '
odes withL .<5 A (Fig. 4). The calculated centers of grav-

acter with acoustic nature for low frequencies and optic for 1OUEs .
high ones. ity indicate that these modes are localized on seven structural

The participation ratio is given in Fig. 3. The modes pe-defects well separated apart. Detailed geometrical analysis of
low 400 cm* are fully delocalized and the atoms vibrate the defects indicates that they represent sirigtpe ) or

with almost equal amplitude like one giant molecule. Thedouble(type II) tetrahedra with angular distortiod® larger
that the average rms deviation of the model=10.8°. The

correlation length for the defects of type | increases, while
L. for defects of type Il decreases with increasif (Fig.

5). In both cases the distorted tetrahedra contain [éowger
than 2.4 A Si-Si bonds as well. As it was indicated above
the stretching force constant in our calculations is not a func-
tion of the bond length and all atoms are fourfold coordi-
nated(as an upper limit of the nearest-neighbor distance we
consider the value of 2.63)ANevertheless, high frequency
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localization is observed, which indicates that this phenom-
enon is not related only to coordination defedféve-
coordinated atomg? but, similarly to electron localizatiof,

to large local deviations of the tetrahedral angles.

The calculated VDOS, Fig. 6, is in good agreement with
that obtained by Winéf and Biswaset al?° with Keating
potential. This indicates that the VDOS afSi is not very
much sensitive to the type of the short-range potential used.
All spectral lines in the calculated VDOS are additionally
broadened by 17 cnt to account for the finite size of the
WWW model. The calculated VDOGig. 6) is very similar
to the experimentally measured one by inelastic neutron

. 3. Calculated participation ratio for the 216-atom model. Scatteringg.6
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FIG. 7. Calculated HH and HV Raman spectra for the 216-atom
model (solid lineg and the experimental HV Raman spectrum of
the samplea (Ref. 11 (dotted ling.

The calculated HH and HV Raman spectra for the 2164 To (measured at room temperatud a-Si thin films, ob-
atom model are given in Fig. (8olid lineg. The full width at

the half maximum of the TO-like band in our HH Raman

tained by chemical-vapor depositig€VD) and radio fre-
quency (rf) diod sputtering vary from 78 to 120 c¢rhin

spectrum is 96 10 cmi L. It should be noted that for calcu- dependence of the substrate temperature. Therefore our cal-

lated Raman spectrii;o depends also on the additional culated spectra should be compared with experinlelntal spec-
broadening(17 cni ) introduced to account for the finite @ of a-Si without hydrogen and witi'1o=90 cm . As

size of the model. Taking into account that=10.8° one

can see that the formula proposed by Beenwrall®
(T'to=15+6A06), using several fully relaxed models wit

free boundaries, describes well the relation betwlégnand
A 0 for the WWW model as well.

As has been pointed out in Sec. |, the experimental vibra-

one can see the calculated HV Raman spectrum reproduces
very well all features of the experimental spectra of samples

h aandb of Maley et al** (I'to=78 and 94 cm*, respec-

tively). For comparison, the experimental HV Raman spec-
trum of the sample is shown in Fig. 7(dotted ling. The
TA/TO intensity ratio for the calculated spectrum is about

tional spectra ofa-Si depend strongly on the method of 0-07, Which is slightly less than that for samie(TA/TO
preparation. In particular, Malegt al!! have reported that

VDOS (arb. units)

TA

LO

LA

Il 1 i L

TO

100 200 3600 400

Frequency(cnfh

500 600

FIG. 6. Calculated VDOS for the 216-atom model.

=0.12) and is close to that for sampla (TA/TO
=0.07) 1! The difference between the frequency position of
the TO-like band in the calculated and experimental Raman
spectra of about 20 cnt can be eliminated by additional
adjustment of the bond stretching force constant used in the
model calculations. The average value of the calculated de-
polarization ratio is 0.5 and the depolarization ratio of only
the TO-like band is 0.55, exactly as in the experimentally
measured spectfa.The calculated depolarization ratios of
the TA-, LA-, and LO-like bands are less than that for the
TO-like band in qualitative agreement with the experimental
spectra®

To study the effects of intermediate-range ordBO) we
have calculated also the partial Raman spétted small
clusters of equal size, but extracted from three different re-
gions of the 216-atom modé¢and thus with different IRO
and defect concentrationThe comparison of these spectra,
Fig. 8, indicates that the Raman intensities of the lowest-
frequency acoustic modes in the TA-like bané<{150
cm 1) and highest-frequency optic modes in the TO-like
band @>490 cm1) are independent on the IRO. In other
words, they are sensitive predominantly to the short-range
order. On the other hand, the modes with
—0.5<PQ(w)<0.5 (see Fig. 1 which are mainly in the
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T T T T T calculations of the phase quotient. The calculated participa-
s tion ratios and correlation lengths indicate that the TA-, LA-,
P and LO-like modes are delocalized over all atoms, while the
| 4 high frequency opticlike modes are strongly localized on de-
] fects(single or two interconnected tetrahedra with large an-
\ gular distortions. The TA-like band, opposite to the other
| . bands, is predominantly of bending nature. The jump in the
| stretching character and in the phase quotient at about 200
cm tindicates that the interaction of the TA-like band with
| the other vibrational bands @f-Si is small.
A model for calculating the Raman spectraansfi based
on the bond polarizability approximatithwithout adjust-
able parameters is proposed. The calculated HH and HV
g ) spectra, as well as the depolarization ratio, are in very good
~ ..-"','/ agreement with the experimentally published spettiEhis
. . . . . is a confirr%ation that the 216-atom model of Wooten, Winer,
and Weaire is a realistic model of the structure of moder-
0 10020 300 400_1 00 6% ately disorderedh-Si (I'to=<90 cm 1). The high frequency
Frequency (em) modes in the TA-like band, as well as the LA- and LO-like
bands are sensitive mainly to the intermediate-range order,
FIG. 8. Calculated partial HV Raman spectra for clusters ofwhile the TO-like band mainly to the short-range order. The
equal size extracted from different regions of the 216-atom modelresults depend, however, to some extent, on the size, defect
concentration, and the medium-range order of the structural

LA-LO region (150-450 cm') depend on the IRO. Addi- Model used. In this respect it would be interesting to extend

tional studies of the effects of IRO and defect concentratiofih€ Present calculations to larger models of the structure of

in structural models with similar rms bond-angle deviation""_‘Si generated, for example, by reverse Monte Carlo
are needed. simulations®

Intensity (arb. units)
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