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Abstract. The Raman spectra of nine 216-atom models of amorphous silicon (a-Si) are calculated
using the bond polarizability approximation of Raman scattering. These a-Si models, generated
by the activation relaxation technique, have different concentrations of coordination defects, ring
statistics and local strain distributions, which cause changes in the vibrational density of states and
the Raman scattering. Analysis of the vibrational modes indicates that an increase in the number
of coordination defects leads to an increase in the high-frequency localization and to mixing of
the TA modes with other high-frequency modes. Calculation of partial Raman spectra indicates
that five-coordinated Si atoms enhance the high-frequency part of the LO Raman peak at about
400 cm−1 and lead to characteristic band at about 600 cm−1 on the high-frequency side of the TO
Raman peak. For their part, the three-coordinated Si atoms contribute to the low-frequency part of
the LO peak. A weak correlation between the number of four-membered rings and the intensity
of the LO Raman peak is also established although there is no correlation between the number of
three- and four-membered rings and the total strain energy.

1. Introduction

The theoretical investigation of the vibrational properties of amorphous silicon (a-Si) has been
an active area of research over the past 25 years. Most of the recent studies represent qualitative
comparisons of the vibrational density of states (VDOS) of structural models constructed
by different methods. Only a few quantitative relationships between the structure and the
vibrational properties, such as the linear correlation between the linewidth of the transverse-
optic (TO) Raman peak (0TO) and the degree of tetrahedral angle disorder [1] or the hydrogen
content [2], exist.

Despite the great influence of coordination defects on the width of the band gap in a-Si
[3], there are only a few qualitative studies of their effect on the vibrational spectra which are
restricted only to the vibrational density of states and the participation ratio of the vibrational
modes [4–7]. Studies of the effects of the network topology on the vibrational spectra, with
the exception of [8] and [9], where the effect of voids on the VDOS was studied, are practically
nonexistent.

It is well established that an increase of the short-range disorder, in other words, the
local strain in the network, leads to an increase in the linewidth of the TO Raman peak
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and to a decrease of its frequency [1, 10, 11]. The experimental separation and investigation
of the effects of coordination defects and ring distribution by Raman spectroscopy is not
straightforward, however. a-Si can only be prepared in thin films and other factors, such as
method of preparation, substrate temperature, deposition rate, thermal annealing and residual
H concentration, also affect the local strain distribution and network topology and thus lead to
changes in the Raman spectra.

In the present work we have calculated the Raman spectra, the VDOS and the character
of the vibrational modes of nine structural models of a-Si with different defect concentrations
and ring distributions constructed by the recently proposed activation–relaxation technique
[12, 13]. A model for the first-order Raman scattering in the bond polarizabilty approximation
[14] is used for the calculations of the spectra. The effect of small (three- and four-membered)
rings and coordination defects (three- and five-coordinated Si atoms) on the Raman spectra
of the models is studied in detail by analysing the corresponding partial Raman spectra and
characteristic spectral ranges for identifying such structural features in experimental Raman
spectra are determined.

2. Calculation procedures

The models are constructed following the activation–relaxation technique procedure described
in [13]. We start with a 216-atom randomly packed cell with periodic boundary conditions and
box edgeL ∼ 16.6 Å. Previous studies on VDOS of a-Si [4, 7] using models of different size
have shown that except at very low and very high frequencies, there is not much information
in the VDOS of larger a-Si models which is not already present in the 216-atom models. The
initial density of the models is slightly below that of crystalline silicon (c-Si). Each model
is then optimized through a series of activation–relaxation steps: (1) a given configuration is
brought from a local minimum to a nearby saddle-point (activation) then (2) relaxed using a
local energy-minimization procedure including volume optimization. The final densities are
between 4 and 6% lower than that of c-Si, compared with about 2–3% lower densities for high-
quality chemical vapour-deposited (CVD) a-Si. We use a modified Stillinger–Weber (SW)
potential with an enhanced angular force [15, 16], which leads to amorphous configurations
with structural properties in excellent agreement with experiment [12, 16].

Although the modified SW potential gives correct static structures, it is not designed to
reproduce the direct interaction between silicon atoms (see for example [6] and [15]) and thus
the dynamical properties should be studied with other types of interaction. Such a type of
mixed approach has been widely used in vibrational calculations on a-Si (see for example [1]
and [4]).

In the present study we use a Kirkwood-type harmonic potential [17], which is especially
suited for vibrational studies of covalently bonded materials. We first perform structural
relaxation of all models using the Kirkwood potential. The equilibrium Si–Si bond length was
set equal to the experimentally observed Si–Si distance of 2.36 Å [18] and the equilibrium
Si–Si–Si bond angle to the ideal tetrahedral value20 = 109.47◦. The minimization of the
strain energy is achieved by an iterative process in which each atom is displaced one at a time
in the direction of the force without allowing bond breaking or reconstruction. This process
is repeated until convergence is achieved (typically within ten cycles). The average shift of
the atoms in the relaxed models varies from about 0.056 Å for model 8, which has the lowest
total strain energy, as given by the Kirkwood potential, to 0.096 Å for model 3, which has the
highest total strain energy and the largest number of defects.

The VDOS is calculated by direct diagonalization of the dynamical matrix. The
values of the stretching and bending force constants used for energy relaxation and VDOS
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calculations are 125 and 5 N m−1, respectively; they were adjusted previously [14] to reproduce
approximately the position of the main vibrational bands of a-Si.

To characterize the phase relationship between vibrations of neighbouring atoms we
calculate for each eigenmodep the phase quotient PQ(ωp), using the formula originally
introduced by Bell and Hibbins-Butler [19]

PQ(ωp) =
∑
m

uαp · uβp
/∑

m

|uαp · uβp| (1)

where atomsα andβ form the bondm, uαp is the displacement vector of atomα when it
vibrates in modep and the summation is over all nearest-neighbour bonds in the model.
Since the acoustic and optic modes induce respectively in-phase and anti-phase displacements
between neighbouring atoms, the phase quotient shifts from +1 to−1 as the atomic vibrations
change from mostly acoustic to mostly optic in character. Information about the degree of
mode localization can be obtained either from the participation ratio (see [4], [7] and [14]) or
from the correlation lengthLc(ωp) of a single modep defined by

L2
c(ωp) =

∑
α

|rα − rp|2|uαp|2
/∑

α

|uαp|2 (2)

whererα is the radius vector of atomα andrp is the centre of gravity of modep defined by

rp =
∑
α

rα|uαp|2
/∑

α

|uαp|2. (3)

Lc(ωp) represents a length beyond which the amplitude of the atomic vibrations decreases
significantly.Lc(ωp) should therefore be small for highly localized modes and aboutL/2 for
highly delocalized modes, whereL is the box edge.

For the calculation of the first-order Raman spectra of the structural models we use the
mean bond polarizability approximation [20, 21] in which the induced polarizability tensorα

of modep is written in the form

α
p

ij = Ā′
∑
m

1upmr̂abδij + γ̄ ′
∑
m

1upmr̂ab(r̂abr̂ab − 1)ij

+γ̄
∑
m

1

Rab
(1upmr̂ab + r̂ab1u

p
m − 21upmr̂abr̂abr̂ab)ij (4)

where γ is the mean perpendicular bond polarizability,A is the mean parallel bond
polarizability,γ ′ andA′ are the derivatives ofγ andAwith respect toRab,Rab is the length of
bondm between atomsa andb, r̂ab is a unit vector along themth bond,1upm = uap−ubp and the
summation is over all nearest-neighbour Si–Si bonds. Detailed description of the calculation
of the polarized (VV and VH) intensities, using the polarizability tensorα is given elsewhere
[22]. In the present calculations we assume that the perpendicular bond polarizability does
not depend onR, e.g. thatγ ′ ≡ 0.0. In this case the depolarization ratioρ = IVH/IVV
depends only on the ratioγ /A′ rather than on their absolute values, which are adjusted to give
the experimentally observed average depolarization ratio of about 0.5 [11, 23]. Each Raman
line is additionally broadened by 15 cm−1 in order to account for the finite size of the models
and additional disorder not present in the generated computer models. The additional line
broadening was selected to reproduce approximately the experimentally determined linewidth
of the TO Raman peak (see below).

The partial Raman spectra of atom clusters in a given model are calculated using the
atomic displacements obtained by projecting the contribution of these atoms and their nearest
neighbours out of the dynamical matrix. In particular, the partial Raman spectra of an
n-membered ring are calculated taking into account the contribution from then bonds forming
the ring and then averaging the spectra for all rings of equal size.
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3. Results

The total strain energy (E), as given by the Kirkwood potential, the number of three-coordinated
(D3) and five-coordinated (D5) Si atoms, the number of three-membered (R3), four-membered
(R4), five-membered (R5) and six-membered (R6) rings, as well as the average angular (〈12〉)
and radial (〈1r〉) tetrahedral distortions of the relaxed models are given in table 1.

Table 1. Structural characteristics of the investigated a-Si models: total energy (E); average
coordination (CN); number of three-fold coordinated (D3) and five-fold coordinated (D5) Si atoms;
number of three-membered (R3), four-membered (R4), five-membered (R5) and six-membered
(R6) rings; average angular (〈12〉) and radial (〈1r〉) tetrahedral distortions.

Model E (eV)×102 CNa D3 D5 R3 R4 R5 R6 〈12〉 (◦) 〈1r〉 (Å)

1 5.1655 4.01± 0.14 1 3 0 8 96 183 8.97 0.034
2 5.5811 4.01± 0.24 5 7 0 2 99 186 8.76 0.035
3 6.4086 4.05± 0.27 3 13 1 14 98 189 8.75 0.036
4 5.1906 4.00± 0.24 6 6 0 5 94 176 8.75 0.036
5 5.1490 3.99± 0.19 3 3 0 2 96 185 8.94 0.036
6 4.9842 4.02± 0.19 2 6 1 6 91 194 8.24 0.031
7 4.3890 3.98± 0.13 4 0 0 0 88 184 8.43 0.031
8 4.2545 4.00± 0.17 3 3 0 1 87 211 7.95 0.031
9 5.1147 4.01± 0.19 3 5 0 3 90 193 8.45 0.032

a Calculated assuming a bond between two Si atoms, if their separation is below 3 Å. The errors in the average CN
are calculated from the corresponding coordination number distributions.

Similarly to tight-binding [24],ab initio [25] and classical [26] molecular dynamics
simulations of a-Si, the ART technique also generates three- and five-coordinated defects,
but the Si–Si first-nearest-neighbour coordination number for all models is close to 4.0 (see
table 1) in agreement with experimentally obtained values of about 3.9± 0.2 in annealed a-Si
thin films (see for example [18]). Within the uncertainties, experiments tend to support a
fourfold coordinated continuous random network, although a coordination as low as 3.79 in
as-implanted a-Si membranes prepared by ion bombardment was recently reported [27]. The
origin of this discrepancy is still open at the moment. There is a weak correlation between the
total strain energy and the total number of defects, as well as between the total energy and the
average tetrahedral distortion〈12〉, but there is no correlation between the total strain energy
and the number of three- and four-membered rings in the investigated models.

The vibrational density of states (VDOS) is generally independent of the details of the
models (figure 1) and compares well with the experimental neutron scattering measurements
[28, 29]. In particular, the intensity ratio of the TA to the TO peak in VDOS of about 0.83 is
very close to the value of 0.88 obtained from neutron inelastic scattering measurements [29].
The calculated VDOSs are in good agreement also with previous VDOS calculations for a-Si
models constructed by different methods and using various potentials [4, 7–9, 14, 24, 30]. This
indicates that the trends observed in the calculations are real and not strongly model dependent.
The major difference between the VDOS spectra of the investigated models is in the height of
the TO peak. There is a general trend for decreasing the height of this peak with increasing
defect concentration. However, for models with equal numbers of defects the decrease of the
TO VDOS peak is larger for models with larger total strain energy. These results confirm the
conclusions from previous studies that the height of the TO peak is related to the concentration
of defects [2, 5] and the degree of distortion of the Si tetrahedra [5, 6]. We observe also slight
increase of the linewidth of the LA VDOS peak with increasing number of coordination defects
and total strain energy.
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Figure 1. Vibrational density of states (VDOS) of the investigated a-Si models.

Figure 2. Calculated phase quotient for model 8.

Only the phase quotient for model 8, which has the smallest total energy, is shown in fig-
ure 2, because the data for the different models are very similar. Three branches can be clearly
distinguished: an acoustic branch in the frequency range 0–200 cm−1; an acoustic branch in the
frequency range 250–350 cm−1 and an optic branch in the frequency range 400–600 cm−1. The
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Figure 3. Dependence of the height of the jump in the phase quotient on the total defect
concentration. The dashed line is a linear regression fit through the data points with regression
coefficientr = 0.9685. The inset shows the fit of the low-frequency and the high-frequency
branches of PQ for model 8. The dashed lines are linear fits through the data points.

Figure 4. Calculated correlation length as a function of frequency for model 8.

modes above 250 cm−1 become increasingly more optic-like with increasing frequency. The
major difference between the PQ(ω) data for the different models is in the region of the discon-
tinuity at about 230 cm−1: the height of the jumpdecreasesas the total number of coordination
defectsgoes up(figure 3). This means that themixingof the TA band at about 160 cm−1 with
the high-frequency modes increases with increasing defect concentration. The jump values
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Figure 5. Dependence of the number of strongly localized modes (a) and the minimum correlation
length (b) on the concentration of five-coordinated Si atoms. The dashed lines are only a guide for
the eye.

h were evaluated by a linear fit through the calculated PQ(ω) points lying within 40 cm−1

below and 100 cm−1 above the frequency of the jump (see the inset of figure 3). Theh values
for the models which happened to have the same total number of defects were then averaged.
The mean errors are much smaller than the jump value itself. The jump in the phase quotient
for the relaxed WWW model of a-Si [31], which has no coordination defects, is in excellent
agreement with the trend for the ART models (see figure 3). This indicates that the jump in the
phase quotient does not depend on the method of preparation of a-Si models of similar size.

Only theLc(ω) data for model 8 are shown in figure 4, because of the great similarity of
Lc(ω) for the different models. The high frequency modes (above 500 cm−1) in all models are
strongly localized mainly onD5 defects and tetrahedra with angular distortions which are two
to three times larger than the average angular distortions〈12〉given in table 1. High-frequency
localization due to the presence of fivefold coordinated sites was reported previously by Biswas
et al [4]. We observe also a few low-frequency modes in the range 90–120 cm−1 which are
localized on three-coordinated atoms, similarly to Biswaset al [4, 7], but the participation ratio
and the correlation length of these modes, contrary to the results of Biswaset al [4], are much
higher than that of the high-frequency modes. Below 500 cm−1 all modes are extended.

In order to analyse quantitatively the relationship between defect concentration and high-
frequency localization we have plotted the observed minimum correlation length (Lminc ) versus
the concentration of five-coordinated Si atoms.Lminc decreases non-linearly with increasingD5

concentration (figure 5(a)) except the data for model 2. In contrast, the number of strongly local-
ized modes (modes withLc < 5 Å) increases almost linearly with increasingD5 concentration
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Figure 6. Calculated VV polarized Raman spectra of the models 3 (——) and 8 (- - - -). The inset
shows the dependence of the height of the TO Raman peak on the average bond angle distortions
〈12〉. The dashed line in the inset is only a guide for the eye.

(figure 5(b)). Accordingly,Lminc for model 7, which has no five-coordinated atoms, is 4.8 Å.
The calculated VV and VH polarized Raman spectra of all models are very similar. That

is why only the VV spectra of models 3 and 8 are given in figure 6 for clarity. The average
depolarization ratio for all models is 0.57± 0.2 in close agreement with experimentally
measured depolarization ratios of about 0.5 [11, 23]. The major difference is in the shape
and the height of the TO Raman peak. The height of the TO Raman peak decreases with
increasing Si–Si–Si bond angle distortions〈12〉 (see the inset of figure 6), which in turn
is weakly positively correlated with the total strain energy and the defect concentration of
the models. The linewidth of the TO Raman peak in the depolarized (VH) Raman spectra
(0TO) varies from 74 to 93 cm−1, which compares very well with experimental0TO values
for a-Si samples prepared by different methods (see for example [10] and [11]). A linear
fit of 0TO as a function of the average bond-angle distortions〈12〉, given in table 1, yields
a regression0TO = 19.4 ± 23.7 + 7.1 ± 2.8〈12〉, which within errors is in reasonable
agreement with the equation0TO = 15 + 6〈12〉, proposed by Beemanet al [1]. A
linear correlation between the frequency of the depolarized TO Raman peakωTO and0TO ,
ωTO = 514.5± 1.1− 2.7± 0.202

TO/1000, similar to that proposed by Tsuet al [10], is also
established. The strainfree frequency of the TO peak (514.5± 1.1 cm−1) is higher than the
value of Tsuet al [10] probably due to slightly larger choice of homogeneous broadening and
stretching force constant. Finally, the TA/TO intensity ratio (ITA/ITO) of the models varies
from 0.03 to 0.04, values which are comparable to experimentally measuredITA/ITO ratios
for a-Si samples with similar0TO [11].

Comparing VDOS and the Raman spectra, it is evident that the TO Raman peak is more
sensitive to local tetrahedral distortions than the TO peak in VDOS. We can also see some
differences between the spectra in the frequency range 350–430 cm−1 (LO peak).
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4. Discussion

The results for the jump in PQ(ω), the number of strongly localized modes and their correlation
lengths as a function of the defect concentration quantitatively demonstrate that the character
of the vibrational modes of a-Si depends on the concentration of coordination defects and
tetrahedra with large local strains. Previous calculations of the partial VDOS of four-
coordinated Si atoms, using the recursion method [5], also show that increasing the number
of five-coordinated nearest neighbours around a regular tetrahedron, i.e. increasing the size of
theD5 defect clusters, depresses the height of the TO peak in the partial VDOS.

Analysis of the calculated total depolarized Raman spectra shows, however, that there is
nodirect correlation between the linewidth0TO and the positionωTO of the TO Raman band
and the concentration of coordination defects. This could be understood taking into account
that internal strains induced by defects can easily propagate through the network by slight
readjustment of the neighbouring atoms.

Therefore, in order to study the effect of the coordination defects on the Raman spectra we
have calculated the partial Raman spectra (PRSs) ofD3 andD5 defects (figure 7). The PRSs of
theD3 defects indicate that they contribute mainly to thelow-frequency part (300–400 cm−1) of
the LO band. In contrast the partial Raman spectra of theD5 defects show that they contribute
strongly to thehigh-frequency part (380–460 cm−1) of the LO peak and to the LA Raman peak
(300 cm−1). In addition theD5 defects give rise to a strongly localized peak at about 600 cm−1

on the high-frequency side of the TO Raman peak (see the inset of figure 7). The depolarization
ratio of the 600 cm−1 feature is very low and consequently the high-frequency vibrations of
theD5 atoms represent predominantly symmetric stretching (i.e. breathing) modes.

Figure 7. Calculated partial VV polarized Raman spectra of three-coordinated (——) and five-
coordinated (– – –) Si atoms in model 8, which happened to have the same number of three- and
five-coordinated defects. The inset shows the VV and VH partial Raman spectra of the five-
coordinated atoms in model 4 which happens to have two clusters of five-coordinated atoms.

Since the formation of small rings is enhanced by the presence of coordination defects
we have calculated also the partial Raman spectra of three- and four-membered rings. The



9656 N Zotov et al

three-membered rings in models 3 and 6 are formed exclusively by five-coordinated Si atoms
and their partial Raman spectra are similar to those of theD5 defects. The average partial
Raman spectra of the four-membered rings in models 3 and 6, which happened to have 14 and
six four-membered rings, are shown in figure 8. These spectra clearly show that the peak at
about 400 cm−1 (LO peak) and the shoulder at about 460 cm−1 in the total Raman spectra are
enhanced by the presence of four-membered rings. Indeed, the LO peak is of highest intensity
for model 3 and is completely missing in the total Raman spectra of model 8 (see figure 6),
which happen to have the largest number and zero four-membered rings, respectively. The
shoulder at 400 cm−1 is also totally absent in the calculated Raman spectra (figure 7 in [14])
of the WWW model which does not have any four-membered rings either [31]. The above-
mentioned peak is of a high depolarization ratio and consequently is due to antisymmetric
bond stretching vibrations of the four-membered rings.

Figure 8. Calculated partial VV polarized Raman spectra of four-membered rings in model 3
(——) and model 6 (- - - -).

The calculated partial Raman spectra suggest that the enhancement of the intensity of
the LA and LO Raman peaks of pure and hydrogenated amorphous silicon samples, prepared
by radio frequency sputtering (RFS), compared to the spectra of samples prepared by glow
discharge (GD) or by chemical vapour deposition (CVD) (see for example [32] and [33]), is
probably due to an increase of the concentration of coordination defects and four-membered
rings. This interpretation is in agreement with the general conclusion of these authors that the
RFS samples have lower network order.

5. Conclusions

The vibrational spectra of amorphous Si models with coordination defects generated by the
activation–relaxation technique (ART) are studied by numerical calculations. ART was used
because models constructed by WWW-type methods contain intrinsically no coordination
defects. The investigated models have similar pair correlation functions and Si–Si–Si bond
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angle distributions but different ring distributions and defect concentrations (with up to 8%
defects). The latter correlate weakly with the total strain energy and the average bond-angle
distortions.

The main features of the polarized Raman spectra are not sensitive to the distribution
of largen-membered rings (n > 5) because all atoms in the network participate at least in
several five- or six-membered rings. In contrast, they are strongly affected by the short-range
order (defect) atomic arrangements: (i) There is a general trend for decreasing the height and
increasing the width of the TO and LA peaks in VDOS with increasing defect concentration.
(ii) The height of the jump in the phase quotient decreases when the number of coordination
defects increases. Therefore, we predict that the separation of the TA and the LA Raman
peaks should decrease with increasing defect concentration. (iii) By contrast, the number of
modes with short correlation length goes up with the number of coordination defects, due
to the increase in the localization of the modes on defects. (iv) The TO Raman peak is
not sensitive to the concentration of coordination defects itself but to theinducedaverage
local strain commonly expressed as the average bond-angle disorder〈12〉. (v) The three-
and five-coordinated atoms contribute respectively to the low- and high-frequency parts of
the LO Raman peak. (vi) The Raman intensity of the LO peak increases as the number of
four-membered rings goes up.

Correspondingly, we predict that the LA–LO region of the Raman spectra is a fingerprint
for the presence of three- and five-coordinated Si atoms as well as four-membered rings while
the presence of enhanced intensity above 560 cm−1 with low depolarization ratio may indicate
the presence of clusters of five-coordinated Si atoms in real a-Si materials. An increase of
the concentration defects would moreover increase the asymmetry of the TO Raman peak on
the low-frequency side. Further detailed studies of the Raman spectra of a-Si samples with
different concentration of coordination defects, prepared under identical conditions, would be
necessary to test these predictions.
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