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Abstract

The atomic and electronic properties of amorphous unhydrogenated (a-SiC)
and hydrogenated (a-SiC:H) silicon carbides are studied using an sp’s* tight-
binding force model with molecular dynamics simulations. The parameters of
a repulsive pairwise potential are determined from ab initio pseudopotential
calculations. Both carbides are generated from dilute vapours condensed
from high temperature, with post-annealing at low temperature for a-SiC:H.
A plausible model for the inter-atomic correlations and electronic states in a-
SiC:H is suggested. According to this model, the formation of the amorphous
network is weakly sensitive to the presence of hydrogen. Hydrogen passivates
effectively only the weak bonds of threefold-coordinated atoms. Chemical
ordering is very much affected by the cooling rate and the structure of the
high-temperature vapour. The as-computed characteristics are in rather good
agreement with the results for a-SiC and a-Si:H from ab initio calculations.

1. Introduction

Hydrogenated amorphous silicon carbide (a-SiC:H) layers are widely used as window coatings
in high-efficiency amorphous solar cells, and in other applications as well, such as in light-
emitting diodes, colour sensors, electrophotography devices, and phototransistors [1, 2].
Optoelectronic characteristics of a-SiC:H are very sensitive to hydrogen concentration,
preparation conditions, and precursors [3]. It is well known [1-3] that only hydrogenated
silicon carbide is appropriate for use in semiconductor devices. Much effort has been devoted
to the study of its structural properties as reported in previous studies [1, 3-5]. Here we single
out the experimental findings that directly relate to this work. Amorphous hydrogenated SiC
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is often viewed as a tetrahedral network that has predominantly heteronuclear bonding with a
small fraction of Si—Si and C-C bonds. On the other hand, some authors describe a-SiC:H as
chemically disordered, with both homonuclear and heteronuclear bonds. Besides, sp> carbon
atoms, constituting polymer-like networks with C=C bonds, were also revealed in a-SiC:H
amorphous networks. It is well known that hydrogen is able to create different C-H,, groups
and preferentially surrounds the carbon atoms, while, among Si—H,, groups, Si—H bonds are
frequently identified [6]. Hydrogen addition to a reactive gas promotes the formation of Si—C
bonds [7], and its effect on the strengthening properties of amorphous tetragonal networks has
already been mentioned [5]. The hydrogenated samples undergo intense hydrogen effusion in
the 400-600 °C temperature range [6, 8].

The state of affairs on theoretical investigations of a-SiC was reported in [9, 10].
In summary, the structural, dynamical, and electronic properties of a-SiC were studied by
using molecular dynamics (MD) simulations based on a pseudopotential approach (PA) within
the local density approximation (LDA), a combined empirical potential (EP)-Monte Carlo
(MC) method, EP-MD simulations based on the EP of Tersoff, and tight-binding (TB)-
MD calculations. The resulting PA-LDA densities of states (DOS) did not show a distinct
semiconducting band gap (BG), though the DOS of the 54-atom sample [4] had a distinct
dip demonstrating the trend towards gap formation. It is worth noting that although PA-LDA
can be used appropriately to describe the atomic distribution in a-SiC, the electronic states
are incorrectly computed, because the LDA is known to underestimate the BG [11]. Since
one of our objectives was to examine the DOS in the band gap region, we have chosen a TB
model that is able to correctly reproduce the semiconducting band gap in the materials under
investigation.

2. Computational aspects

In this work we use a procedure based on the orthogonal sp’s* tight-binding model [11] to
determine the atomic and electronic structures of large-sized samples of a-SiC and a-SiC:H
under conditions close to experimental ones. The repulsive contributions notincluded in the TB
calculation and needed for performing MD simulations were considered in the form suggested
by the authors [12]:

r —ry ro
V(r) =U,exp| — +U,—, (1)
o r

where r is the distance between neighbouring atoms, ry is its equilibrium counterpart in the
ZnS phase, and U;, U, and « are the parameters defined for Si-S, Si—-C, C-C, Si-H, C-H,
and H—H pairs.

The parameters of the repulsive pairwise potentials were determined from total energy
calculations carried out for ¢-Si, ¢c-C, and ¢-SiC in the rock-salt and diamond-like structures, and
for hypothetical 8-SiH, B-CH (like 8-SiC), and bcec H with different locations of the basis atoms
using a first-principles PA as described in [13]. We used norm-conserving pseudopotentials
constructed according to the scheme of Hamann and represented in the fully separable form.
The Brillouin zone (BZ) integration over k-points is replaced by a sum over a set of ten
special k-points according to the Monkhorst—Pack scheme. The Kohn—Sham plane-wave
basis set was truncated beyond an energy of 35 Ryd. The exchange—correlation energy was
considered in the LDA. Using this approach, we obtained the following bond lengths (in
A): 2.34 (2.35 [11]), 1.564 (1.54 [11]), 1.89 (1.89 [11]), 1.519 (1.520 [14]), 1.125 (1.120
[15]), and 0.782 (0.741 [15]) for Si-Si, C-C, Si—C, Si-H, C-H, and H-H bonds, respectively.
The close agreement between the calculated bond lengths and their experimental counterparts
(as indicated in parentheses) validates to some extent our computational scheme.
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Table 1. Tight-binding parameters (eV), cut-off distances Ry (A), and potential parameters (see
equation (1)), ro (A), Uy (eV), « (A) for H-H, H-C, and H-Si pairs. For this system, U, = 0 eV.

EZ'I Eg stso sHpo s po Reut 10 U o
H-H —-3.400 14.000 —6.059 1.000 0.782 6.258 0.202
H-C —6.103 —7.886 —3.493 1.550 1.125 10.861 0.307
H-Si —3.035 -3.318 1.800 1.520 2.692 0.267

The parameters of the sp>s*-TB scheme for diamond, 3C-SiC, and c-Si and the Si-Si,
Si—C, and C-C pairs of the repulsive potential (1) were carefully determined in [9, 10].
Therefore, here we only mention that our scheme gives a BG of 5.5, 1.17, and 2.4 eV for
c-C, ¢-Si and 3C-SiC, respectively, in agreement with experiment. The Si-H, C-H, and H-
H integrals were taken from [16, 17]. The form of the variation of the two-centre hopping
parameters with inter-atomic distance was chosen according to the Harrison rule. The tight-
binding and repulsive potential parameters for C—H, Si—H, and H-H pairs are summarized in
table 1.

The NPT and NV T ensembles were considered during MD simulations of the condensed
vapours and the amorphous structures, respectively. The equations of atomic motion were
integrated using a velocity-Verlet algorithm. Periodic boundary conditions were applied to
supercells of 128 atoms. First we generated the dilute vapour phases. For this, we initially
considered cubic cells of 128 atoms (64 Si atoms and 64 C atoms for a-SiC; 58 Si atoms,
58 C atoms, and 12 H atoms for a-SiC:H) with a lattice parameter which is 1.5 times larger
than that of the 3C-SiC crystal. The cubic cells contained randomly distributed atoms far
apart from each other, and they were allowed to slowly shrink for about 2 ps under applied
pressure at 1900 and 800 K for a-SiC and a-SiC:H, respectively. One carbon atom and one
hydrogen atom in the condensed non-equilibrated a-SiC:H vapour turned out not to be bonded
to any another atoms, and therefore before equilibrating they were excluded from further
simulations. The fully equilibrated high-temperature structures with the density equal to that
of the 3C-SiC crystal were quenched with an average cooling rate of ~10'3 K s~ to 300 K. We
applied different time steps (%) depending on sample type. In obtaining the condensed vapours
and the amorphous samples, 1 was ~107'4 and ~10~"° s, respectively. Despite the use of
comparatively large time steps, the MD process was stable—the potential energy variation
did not exceed 5-10 meV/atom. The generated amorphous samples were then averaged
for about 2 ps to get the thermal equilibrium properties. To reduce the strain, the resulting
amorphous hydrogenated sample was equilibrated for 1.5 ps at 650 K and was then cooled back
to 300 K. In generating the hydrogenated sample the temperature of the vapour condensation
did not exceed that of hydrogen effusion. This is the important peculiarity, which essentially
distinguishes our procedure from previous preparation techniques applied to a-Si:H [18, 19]
and a-C:H [20].

The DOS during TB-MD simulations was computed at the centre of the BZ. An analysis
of the local DOS was carried out in the framework of the recursion method (RM) of Haydock
et al [21], and Nex [22]. The details of the calculations based on the RM and applied to
compounds such as 3C-SiC are given in [9].

3. Results and discussion

In figure 1, we show the calculated partial pair-correlation functions (PCF) of a-SiC and
a-SiC:H. For comparison, we also present the PCF of a 54-atom a-SiC sample [4]. The H-H
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Figure 1. The partial PCF of a-SiC (thin curve) and as-quenched a-SiC:H (solid curve). For
comparison, the PCF of a 54-atom a-SiC [4] (dashed curve) and pair Si—H and C-H correlations
of annealed a-SiC:H (thin curve) are also presented.

partial PCF is not shown, since the statistics is very poor, owing to the very limited number of
H in the a-SiC:H sample. We find a rather good agreement between our curves and the curves
determined by using the PA-MD simulations. However, the first peak of C—C correlations in
our spectrum is located at higher distance than that in the PA-MD spectrum, and this can be
attributed to a slight overestimation of the lattice parameter of diamond predicted from our
PA. Besides, the peaks of the second-neighbour interactions in our spectra are broader than
in the PA-MD spectra. It is worth noting that a-SiC and a-SiC:H alloys contain about 82.0
and 64.3% fourfold-coordinated atoms, respectively. Hence, the unhydrogenated sample is
less disordered than the hydrogenated one. However, this cannot be unambiguously attributed
to hydrogenation, since the condensation temperature of the a-SiC:H vapour was lower than
that of the unhydrogenated vapour. The positions of the corresponding peaks of the nearest-
neighbour correlations in the unhydrogenated and hydrogenated samples practically coincide.
The peak positions (in A) in the case of a-SiC:H are 2.334, 1.565, 1.860, 1.538, 1.154, and
1.502 for Si-Si, C-C, Si—C, Si-H, C-H, and H-H pairs, respectively. A small difference in
the peak positions in the PCF of a-SiC and a-SiC:H is observed for C—C and Si—C pairs, which
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is attributed to the influence of the hydrogen atoms which preferentially surround the carbon
atoms in forming C-H,, bonds. For comparison, the first Si—-H and C-H peaks in the PCF of
a-Si:H [19] and a-C:H [20] are located around 1.6 and 1.1-1.2 A, respectively.

We found in a-SiC:H 5(2) H atoms participating in C—H(C-H;) bonds. Only Si-H
monohydrides are formed as a result of the interaction of 4 H atoms with the Si atoms. All the
H atoms are singly bonded to Si and C atoms. Correspondingly, the average Si—-H and C-H
coordination is unity, i.e., not a single Si—-H-Si or C-H-C bridge has been observed at the Si-H
and C—H cut-off distances equal to 1.8 and 1.55 A, respectively. The introduction of H atoms
leads to an enhancement of the diffusion in the second-neighbour distribution of the Si atoms
(figure 1). The analysis of the C—H PCF shows that the distribution of hydrogen around the
carbon atoms in a-SiC:H resembles that in the high-density a-C:H [20], i.e., the peaks of the
nearest C—H pairs around 1.154 A are distinctly shown in the corresponding PCF. In the case
of Si—H correlations, the Si—H nearest-neighbour correlation has a peak around 1.54 A mostly
owing to the formation of monohydride groups, as in a-Si:H [18, 19]. However, the C—H and
Si—H correlations in a-SiC:H differ from those in a-C:H and a-Si:H because of the presence of
the additional peaks associated with C—H (around 1.6 A) and Si—H (around 1.8 A) correlations
in the PCF of a-SiC:H. The additional minor Si-H and C-H peaks were found to originate
from different H-Si—C and H-C-Si configurations, respectively.

The Si-Si, Si—C, and C—C PCF of the annealed sample practically coincide with those
of the as-quenched sample (not shown). More appreciable changes are observed in the Si-H
and C-H pair correlations, where the first corresponding peaks become more sharply defined
(figure 1). If in the as-quenched sample, a small fraction of weak Si—-H and C—H bonds was
revealed (the bonds which can form H-Si—-H and H-C—H bridge configurations, with a small
increase in their length), fewer such bonds were observed in the annealed sample. This reflects
the fact that unstable configurations were annealed out, and that now only well-defined Si—H
monohydride groups are present in the sample. The annealing also enhances the localization
of C-H correlations around 1.154 A. These changes show that, under specific annealing
conditions, only the H atoms change their configurations in a noticeable way. It follows that,
in experiment, high-temperature annealing should be carried out only in hydrogen atmosphere
to prevent hydrogen effusion and to reduce strain.

The H-H correlations in a-SiC:H are affected by large statistical errors associated with
the very small number of H atoms in our sample. However, the peak revealed around
1.5 A in the H-H PCF can be considered as attributable to small nearest-neighbour correlations
between H atoms. This feature is enhanced by the annealing cycle. The a-SiC:H sample
contains two sp C atoms (C—C—C configuration) and one C atom in the H-C-Si configuration.
Correspondingly, the increase in the number of H atoms in the sample can lead to the formation
of new C-H3 bonds, and to an increase in the number of C—H and C-H, bonds, which can
crucially modify the picture of H-H correlations.

The total DOS of a-SiC and a-SiC:H samples are presented in figure 2. The characteristic
feature of both spectra is the absence of an ionicity gap around —11 eV. The latter is caused by
the presence of about 50% of homonuclear bonds in the two alloys which gives rise to additional
states in the ionicity BG region [9]. We note that the introduction of hydrogen in amorphous
SiC weakly influences the chemical ordering. It is worth mentioning that our bonding picture
for a-SiC is very similar to the one presented in [4], where about 45% of homonuclear bonds
were found. Figure 2 clearly shows the tendency toward the formation of a BG around the
Fermi energy (around +0.29 and —0.02 eV in a-SiC and as-quenched a-SiC:H, respectively).
Because of a low content, hydrogen modifies the DOS insignificantly. In contrast to expected
results, we do not observe an increase in the BG caused by hydrogenation [16]. This can
be attributed to an increase in the number of coordination defects with hydrogenation. The
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Figure 2. The calculated total DOS of: (a) a-SiC (solid curve) and 3C-SiC (dashed curve); (b) as-
quenched a-SiC:H (solid curve).
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Figure 3. The calculated local DOS of a-SiC and as-quenched a-SiC:H: (a) Si atoms in a-SiC
(dashed curve) and in a-SiC:H (solid curve); (b) C atoms in a-SiC (dashed curve) and in a-SiC:H
(solid curve); (c) H atoms in Si—H bonds (dashed curve) and in C—H bonds (solid curve)

inspection of the local DOS for C—H and Si—H bonds shows that the distinct BG is only
observed in the spectra of tetrahedrally coordinated atoms. Correspondingly, slow cooling or
increasing in hydrogen content can lead to the broadening of a semiconducting gap.

As seen from figure 3, where the local spectra of Si, C, and H sites in a-SiC and a-SiC:H are
shown, the general shapes of the local Si DOS in the two samples are similar, indicating similar
short-range order around Si atoms. Two additional peaks around —1.5 and +0.7 eV appear
in the C local spectrum of a-SiC:H. These peaks are not associated with hydrogenation, but
instead with the appearance of C sp and sp” atoms in a-SiC:H. Hydrogen does not appreciably
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influence the Si and C local electronic states because of its small mole fraction. The bonding
Si—H and anti-bonding Si—H* states contribute to the DOS around —5 and +3 eV, respectively.
A more complex picture is observed for the local DOS associated with the H atoms located
near the C atoms. We identified C;—Hy states below —13 eV, C,—H; states around —10 and
—8 eV, and C,—H states around +7 eV. Note that the two low-energy regions have several
peaks caused by H-C bonds with different local environments. For example, in a-SiC:H,
the H-C-Si3, H-C-C3, H-C-Si, H-C-CSi,, H,—C-CSi, and other configurations are present.
The distributions obtained for Si—H and C—H states are consistent with both experimental and
theoretical predictions [16]. The local DOS centred on the Si and C sites of Si—H and C-H
bonds (not shown) give somewhat sharp peaks at the positions where the peaks of H DOS are
also located.

4. Conclusion

A variant of the TB-MD method was proposed to generate a-SiC and a-SiC:H under conditions
that mimic the experimental ones. The application of this approach enabled us to suggest a
plausible model for the atomic and electronic properties of a-SiC:H. Although our picture
of the inter-atomic interactions in a-SiC:H is generally consistent with previous theoretical
models for a-C:H and a-Si:H and with experiment, peculiarities were found. Also, in contrast
to experiment, no appreciable increase in the heteronuclear bonds due to hydrogenation has
been observed. Finally it was suggested that chemical ordering was mostly determined by a
cooling rate and the vapour structures.
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