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We report here the results of a first calculation of the vibrational excitations of hydrogenated
a-Si; _, C,:H alloys using a cluster—Bethe-lattice method. The study has been made for two types of
distributions of constituent atoms of the alloy: a random sequence and a chemically ordered one.
The infrared data of a-Si;_,C,:H alloys can be well understood if one assumes the occurrence of a
random distribution of Si and C atoms. The vibrational modes induced by H atoms outside the bulk
phonon region of an @-Si, ., C, alloy remain undisturbed by the presence of the kind of atoms lying
on the next-nearest-neighboring sites of the H atom. On the other hand, the frequencies of modes
induced by H atoms lying in the bulk phonon region change regularly due to the presence of the
different concentrations of the Si and C atoms in the alloy. The calculated results are in good agree-
ment with the available infrared data. However, more careful and detailed experimental investiga-
tions are very much needed to detect the predicted extra structure, especially in the bulk phonon-

frequency region.

I. INTRODUCTION

Improvement in the conversion efficiency is the most
important point for the practical application of the a-Si
solar cell as an alternate nonconventional source of ener-
gy. A conversion efficiency of 11-12 % has recently been
reached in Si-based devices in textured structures.! In an
attempt to attain much higher conversion efficiency,
multiple-band-gap a-Si solar cells have to be developed.
This stems from the fact that, in contrast to the theoreti-
cal limit of maximum efficiency of 12.5-13 % for the
conventional single-band-gap a-Si solar cell, multiple-
band-gap a-Si solar cells named tandem solar cells may
have an estimated value of 21-24 %.?

Amorphous hydrogenated silicon carbon alloys have
an energy gap larger than that of a-Si:H or a-Si:F,H.
They have potential applications in tandem solar cells
and also in electrophotography. Some experimental in-
vesti§ations have so far been reported in the litera-
ture.’ 10

In contrast to the many experimental investigations,
virtually no theoretical attempt has been made to under-
stand the behavior of the hydrogenated or fluorinated
semiconducting alloys. In particular, no result of any
serious investigation of the hydrogenated or fluorinated
amorphous Si,_,Ge,, Si;_,C,, or Si;_,N, alloy has so
far been reported. Our group is presently engaged in a
detailed theoretical study of the vibrational and electron-
ic excitations of these semiconducting alloys containing
H, F, O, etc.

Earlier, we reported the results of our study of the vi-
brational excitations of a-Si3N4:H,” a-Si,_,Ge,:F,H,
and a-Ga,_ Al As alloys.'> The electronic structure of
a-Si;_,Ge,:F,H alloys has also been discussed.'*> The
phonons of a perfect silicon carbide network containing
monohydrides, dihdydrides, and trihydrides have been in-
vestigated.!* The present paper is the third of a series of
our reports on these materials.

A cluster—Bethe-lattice method (CBLM) is particularly
suited for the study of short-range order or disorder. The
usefulness of the method arises from the fact that the
properties of small regions of atoms can be isolated.
Here, the problem is exactly solvable in contrast to the
difficulties faced in other methods.

In the present paper, we report the results of our inves-
tigations of the phonons of the hydrogenated amorphous
Si,_,C,:H alloys. For the details of the CBLM and the
different types of occurrence of the atomic configurations,
we refer to our earlier papers.!! ™4

II. CALCULATIONS AND RESULTS

A. a-SiC: Bulk phonons

The phonons for the bulk amorphous silicon carbide
network (Bethe lattice) were calculated by employing a
value of radial force constant a(Si-C) which reproduces
the high-frequency transverse-optic (TO)-like peak at 781
cm ™!, in agreement with the experiment data.'> The non-
central force constant in the Born model was scaled by
using the force constant obtained for the pure a-Si alloys.
These force constants are shown in Table I. Then the
corresponding force constants for the C—C bonds were
determined by making the assumption that the values of
the force constants for the Si—C bonds should be the
mean of the corresponding values for the Si—Si and
C—C bonds.

The low-frequency phonons arise mainly from the
Si—Si bonds of the heavy Si atoms, whereas the high-
frequency vibrations originate from the C—C bonds of
the low-mass C atoms. For pure a-Si, the high-frequency
(transverse-optic-like) peak and the transverse-acoustic-
like low-frequency peak appear at 480 and 195 cm ™!, re-
spectively. The corresponding values for a-C in the
tetrahedral network are 1079 and 425 cm ™!, respectively.
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TABLE 1. Values of the force constants used for various
configurations (in units of 10* dyn/cm). Angle-bending force
constant K(C—Si—C)=K(Si—C—Si) =0.60; radial force con-
stant a(Si—C)=18.5; angular force constant B(Si—C)
=3.0. Bond lengths used are d(Si-C)=1.89 A, d(Si-H)
=148 A, and d(C-H)=1.07 A.

FOI‘CC constants

Unit Radial Angle bending
a(Si—H) K,(C—Si—H) K;(H—Si—H)
SiH 25.04 1.074
SiH, 25.04 1.074 1.92
SiH; 25.04 1.074 1.92
a(C—H) K,(Si—C—H) K;(H—C—H)
CH 46.30 1.86
CH, 46.30 1.86 4.20

CH, 46.30 1.86 4.20

B. a-Si;_,C, alloys

The local phonon density of states at both the C and Si
atoms has been calculated for the entire concentration
range (0.01 <x <0.99) both for the random and chemi-
cally ordered sequences. The results for the two se-
quences are shown in Figs. 1 and 2, respectively. For the
sake of comparison, the results for bulk Si and C matrices
lying at the two ends of the alloy are also included. In
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FIG. 1. Local phonon density of states (DOS) at Si (
and C (— — —) atoms in a-Si,;_,C, random alloys.
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the random configuration of atoms for low concentration
x of the C atoms in the silicon matrix, a localized peak
arising from the motion of a carbon atom sitting in the
cage of Si atoms appears at 750 cm ™~ !. The frequency of
the other strong peak arising from Si-Si TO-like modes
decreases with an increase in x. For large values of x, the
light C atom-induced localized modes start interacting
among themselves and the sharp peak originating from
the isolated C atom gets broadened with an increase of
the C atoms, eventually merging with the low-frequency
Si—Si bond bulk modes. For x >0.8, the number of
C—C bonds dominates and the phonon density resembles
that of bulk a-C. However, there appears a resonance

‘mode at 300 cm ! originating from the heavy Si atom in

the cage of light C atoms.

In the chemically ordered configurations of atoms,
where an atom in minority concentration is coupled al-
ways to the atoms in majority as nearest neighbors, the
results are slightly different. The interaction between the
localized modes at ~750 cm ™! originating from C atoms
is weaker than that seen earlier in the random network.
As a consequence, the C-induced high-frequency band
remains quite sharp and a big gap exists in the phonon
density of states even up to a quite high concentration
(x =0.8) of C atoms. This very-low-phonon-density re-
gion should be detectable in the experimental measure-
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FIG. 2. Local phonon DOS at Si ( Jand C (— — —)
atoms in a@-Si;_ ,C, chemically ordered alloys. Arrow indicates
the experimental peak (Ref. 15).
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ments in case the silicon-carbon alloys contain a chemi-
cally ordered configuration of the Si and C atoms.

C. a-Si;_,C,:H alloys

‘For the calculation of the H-induced modes in a-SiC,
we have used the observed peaks in the infrared data re-
ported by Della Sala et al.” as a guide. We assign 2100
cm ™! to the stretching vibration of the Si—H bond in the
monohydride complex and enhance the Si-H stretching
force constant (a) to reproduce the experimental value at
2100 cm™!. The enhancement is understandable, as the
C atom is more electronegative compared to the Si atom,
which results in transfer of electronic charge from Si to
C, making the Si—C bond ionic. The Si atom thus ac-
quires more positive charge and is coupled to the nega-
tively charged H atom more strongly. It leads to con-
traction in the Si—H bond length in comparison to that
seen in the pure a-Si network.

Further, the second-neighbor interaction

- K(C—Si—H) between the negatively charged C and H
atoms will be larger compared to K (Si—Si—H) present
in the pure a-Si network, as the next-nearest-neighboring
Si atom of the H atom is not positively charged. It also
leads to an enhanced value for the angle-bending force
constant, i.e., K;(C—Si—H) > K (Si—Si—H). This effect
has been observed by Della Sala et al.® in their infrared
transmission data of a-Si,_,C,:H alloys where, in Si-rich
alloys, the Si-H wagging mode appears at ~660 cm ™!,
We have thus increased the value of K ,(C—Si—H) over
K (Si—Si—H) to reproduce the mode at the experimen-
tal value.

For dihydride (SiH,) and trihydride (SiH;), we have
taken over the value of K;(H—Si—H) from the hydro-
genated a-Si alloys because the presence of C atoms as
the nearest neighbors of the Si atom will not have any
effect on the H atoms, which in turn is expected not to
alter the value of the force constant K;(H—Si—H). The
used values of the force constants are shown in Table I.

In the chemically ordered configuration of atoms
where a minority atom is coupled always to the atoms in
the majority as nearest neighbors, the results are slightly
different. The interaction between the localized modes
(appearing at ~750 cm ™ !) originating from the isolated
C atoms is weaker than that seen earlier in the random
network. As a consequence, the C-induced high-
frequency band remains quite sharp and a big gap exists
in the phonon density of states even up to a quite high
concentration (x =0.8) of C atoms. This very low pho-
non density region should be detectable in the experimen-
tal measurements, in case the silicon-carbon alloy con-
tains a cliemically ordered configuration of the Si and C
atoms.

1. Monohydrides (SiH and CH)

a. SiH complex. For a single H atom coupled to Si
atom (SiH) in a-Si;_,C, alloys (see Fig. 3) the bond-
stretching and the bond-bending frequencies of the Si—H
bond were reproduced at 2100 and 660 cm™ !, observed
by Della Sala et al.® for x =0.35. The bond-stretching
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FIG. 3. Local phonon DOS at Si (— — —) and H ( )

atoms for the SiH unit in a-Si,_,C,:H random alloys. Arrows
indicate the experimental peaks (Ref. 9).

frequency remains unaffected by the presence of the C
atoms lying in the nearest-neighboring sites of the refer-
ence Si atom. On the other hand, the wagging-mode fre-
quency decreases from 675 to 615 cm™!, with the in-
crease in the concentration of C atoms. In fact, the wag-
ging mode has not been detected in the experimental
measurements for high values of x.

The H atom, being quite light in mass, is expected to
affect the phonon density in a manner very much similar
to that of a dangling bond. The states near the top of the
phonon band are shifted to the low-frequency side, peak-
ing around 135 cm ™!,

b. CH complex. For a H atom coupled to a C atom,
i.e., for a CH unit (see Fig. 4), the behavior is very much
similar to that of a SiH complex. The C—H bond-
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FIG. 4. Local phonon DOS at C (— — —) and H ( )

atoms for the CH unit in a-Si,_,C,:H random alloys. Arrows
indicate the experimental peaks (Ref. 9).
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stretching frequency has been obtained at 2922 cm ™! by
fitting the radial force constant. This value of the force
constant reproduces well the two symmetric and asym-
metric stretching frequencies at the measured frequencies
for the CH, complex to be discussed later.

The C-H wagging mode is reproduced at 1002 cm™!
for x=0.1 by selecting an appropriate value of
K, (Si—C—H). Again, the C-H wagging-mode frequency
varies with x in the entire concentration range. Similar
to the SiH complex, enhancement in the local phonon
density appears in the low-frequency region. A broad
peak near 830—840 cm ™! in the bulk phonon region ap-
pears (x > 0.2) for the monohydride CH complex.

The results obtained for the monohydrides, SiH, and
CH, both in the random and the chemically ordered
atomic configurations of Si and C atoms, are quite simi-
lar, barring a notable difference for the CH complex in
the bulk phonon region. A broad peak around the
830—840-cm ™! region is seen to appear for a low-C con-
centration (0.2 <x <0.5) for the random sequence, but
for the chemically ordered sequence, the same is observed
only for a higher-C concentration (x >0.5). The infrared
data of Della Sala et al.’ reveals a broad peak around
770 cm ™!, even for a low-C concentration, x =0.35 [for
comparison, one should note that x in the present paper
is (1—x) in Della Sala’s paper]. This indicates the oc-
currence of a random distribution of Si and C atoms in
the a-Si, _, C, :H alloys.

2. Dihydrides (SiH, and CH,)

The values of force constants a(Si—H) or a(C—H) and
of K,(C—Si—H) or K,(Si—C—H) fitted earlier for the
monohydrides are then utilized to calculate the fre-
quencies of the modes of the dihydrides. A value of
K ;(H—Si—H) chosen earlier to reproduce the experi-
mentally observed doublets at (845,890) and (862,907)
cm ! in pure a-Si:H alloys is used here.

The local phonon density at Si and H atoms for the
SiH, unit in a-Si;_,C, alloys for 0.1 =<x =0.9 has been
shown in Fig. 5. The H-induced high-frequency localized
modes lying outside the bulk phonon band remain
unaffected.

Two groups, Tawada et al.® and Della Sala et al.,’
have detected peaks in the infrared data corresponding to
the stretching and wagging vibrations of the isolated
dihydrides or interacting dihydrides in a-Si;_,C,:H al-
loys. The location of the experimental peaks around
2100 cm ! is in good agreement with the calculated fre-
quencies of the symmetric and asymmetric stretching
modes at 2088 and 2112 cm ™. Also, the calculated peak
at ~900 cm ™! originating from the H-Si-H angle bend-
ing motion is in excellent agreement with a peak at 900
cm ! observed in the ir data of Si-rich (x =0.35) alloys
of Della Sala. A H-induced peak near 660 cm ! is also in
agreement with the experimental data. The phonon den-
sity increases further in the low-frequency region, a be-
havior similar to a silicon atom containing two dangling
bonds.

For CH, unit, the results have been presented in Fig. 6.
The calculated peaks for the CH, unit at 2960 and 2887
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cm ! are in good agreement with the experimental values
2960 and 2900 cm™!, respectively. The values of the
angle-bending force constant K ;(H—C—H) is adjusted to
reproduce the experimentally observed peak at 1401
cm ™! for the CH; unit, to be discussed later. The calcu-
lated peaks near 1070 and 1360 cm ™! are in good agree-
ment with the observed peaks near 1000 and 1350 cm ™!,

3. Trihydrides (SiH; and CH;)

The calculated local density of states at the Si and H
atoms is shown in Fig. 7. For the SiH; unit, the calculat-
ed peaks corresponding to the asymmetric and symmetric
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stretching frequencies appear at 2112 and 2076 cm ™!,
which are in agreement with the experimental data. Two
other calculated peaks appear near 823 and 935 cm ™!,
corresponding to the angle-bending motion of the trihy-
drides. In the infrared data, a peak does appear near 833
cm” .
For the CH; unit (Fig. 8), the calculated stretching-
mode frequencies 2962 and 2848 cm ! are in very good
agreement with the experimental peaks near 2960 and
2898 cm~!. The other two calculated peaks at 1400 and
1255 cm ™! originating from the angle-bending motions
are in excellent agreement with their data® peaks at 1400
and 1245 cm ™ L,

III. CONCLUSIONS

In the present comprehensive study of the vibrational
excitations of the hydrogenated amorphous Si,_,C, al-
loys, we find that the H-induced localized vibrational
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modes lying outside the bulk phonon band region remain
unaltered by the presence of the other kind of host atoms.
However, a number of low-frequency inband modes in-
curred by H atoms change their locations with the rela-
tive concentrations of the constituent Si and C atoms.
But these changes lie well within ~10%. The calculated
results are in good agreement with the available infrared
data. However, a number of the predicted modes lying
mainly in the bulk phonon band region have not been
detected so far. More careful and detailed experimental
investigations are very much needed to improve the
present situation.
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