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We performed ab initio molecular-dynamics simulations of an equimolar Si-C amorphous alloy. a-
SiC is found not to exhibit chemical order and to be much more complex than commonly believed. Our
simulation is in good agreement with most measurements, although many interpretations of experimen-
tal data disagree with our results. The reasons for this discrepancy are analyzed and it is proposed that
neutron scattering experiments can resolve the issue. Our study highlights the importance of reliable
techniques complementary to experiment for a full characterization of amorphous semiconducting alloys.

PACS numbers: 61.42.+h, 61.55.Hg, 71.20.Cf

Amorphous semiconducting alloys (ASA) are of both
fundamental and technological interest [1,2]. The funda-
mental interest is in the modification of chemical order-
ing, types of bonds, and coordination between the dif-
ferent atomic species, with respect to the corresponding
crystals. The technological interest arises from the high-
temperature stability of their semiconducting properties,
which make ASA potentially useful as semiconductors in
or close to engines, turbines, and reactors. Furthermore,
the optical and electronic characteristics of many ASA
suggest potential uses for the technology of solar cells,
photovoltaic devices, and refractory materials.

In the past few decades, diffraction and spectroscopic
measurements have provided valuable information about
both structural and electronic properties of several disor-
dered semiconducting alloys. However, because of dif-
ficulties in obtaining detailed information about each
atomic species the interpretation of experiments is rather
controversial and a complete characterization of these
materials has not yet been achieved. On the other hand,
the complexity of the chemical bond in covalent disor-
dered alloys and the difficulties of accounting for quan-
tum effects relevant to its correct description have limited
most theoretical investigations to modeling experimental
data; only recently have computer simulations with
empirical potentials [3] and tight-binding (TB) calcula-
tions [4] appeared in the literature.

Of particular interest and complexity are the materials
like a-SiC, composed of species whose chemical behavior
is radically different. It is well known that C is capable
of different hybrids (sp, sp?, and sp?) giving rise to crys-
tals and disordered solids with a great diversity of proper-
ties, whereas Si usually prefers fourfold sp3 coordination
at low temperature and pressure. Key questions about
a-SiC are yet unanswered, e.g., the ratio of homonuclear
to heteronuclear bonds, the kind of coordination disorder,
and the bonds formed by C atoms. Two lines of thought
have emerged from the interpretation of different experi-
ments. Some authors describe a-SiC as not chemically
ordered, with both homonuclear and heteronuclear bonds.
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Others characterize the system as highly ordered, with
predominantly Si-C bonds, as found in the corresponding
crystal. In particular, Gorman and Solin [5] interpreted
their Raman spectra on sputtered a-Sigs9Co41 as direct
evidence of homonuclear bonds and of the existence of
both graphitelike and diamondlike C sites. This is con-
sistent with the analysis of valence-band spectra by Fang
and Ley [6] and with the x-ray diffraction (XRD) data of
Tejeda, Shevchik, and Cardona [7). The x-ray photo-
emission spectroscopy and Auger spectra by Lee [8] are
interpreted as evidence of chemical order. However, also
a small amount of Si-Si and C-C bonds are detected in
their samples. Similar conclusions are drawn in Refs.
[9,10], which present the analysis of extended x-ray-
absorption fine-structure (EXAFS) spectra and XRD
data. From the total correlation function of a-Si,C—,
(x==0.5) derived from electron diffraction data, whose
peaks are positioned close to the neighbor distances in c-
SiC, Sproul, McKenzie, and Cockayne [11] deduce that
the system is composed of a tetrahedral network which is
predominately heteronuclear bonded. Also Kaloyeros,
Rizk, and Woodhouse [12] characterize a-SiC as chemi-
cally ordered, since the peak positions of Fourier
transformed (FT) intensities obtained in electron energy
loss measurements are close to the corresponding ones in
¢-SiC. This picture is in apparent disagreement with very
recent electron spin resonance experiments [13], which
show the presence of sp? carbon in a-SiC, constituting
polymerlike networks with C=C bonds.

In order to resolve these issues, we have performed
first-principles [14] molecular-dynamics (MD) simula-
tions of a-Sips5:Cos. Quantum interactions between
atoms are described by density functional theory in the
local density approximation. Ab initio MD has proven to
be very successful in predicting a variety of properties of
disordered systems, among them a-C [15] and a-Si [16].
We find that a-SiC has a more complex structure than
previously understood. Our data are in agreement with
most of the existing experiments, although in apparent
disagreement with the interpretation of several of them,
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and show that a detailed analysis of each atomic species
(e.g., of partial as opposed to total distribution functions)
is crucial to the understanding of the material properties.
Indeed, we find that different structural models implying
different kinds of chemical bonds and coordination disor-
der can be compatible with the same set of measure-
ments. This is expected to be the case for the whole fam-
ily of ASA and highlights the importance of reliable tech-
niques complementary to experiment for a full characteri-
zation of their microscopic structure.

In our calculations, a-SiC networks at stoichiometric
composition and room temperature were obtained by
quenching from a liquid. We have carried out MD simu-
lations for 54 and 64 atoms. Only the I" point of the MD
supercell Brillouin zone (BZ) has been sampled. In an
ordered crystal this would correspond to different sam-
plings of the primitive cell BZ. The macroscopic density
(po) has been fixed at the experimental density of ¢-SiC
[17). The single-particle electronic orbitals have been ex-
panded in plane waves, with a maximum kinetic energy
(Ecu) of 35 Ry. For the expansion of the charge density
and potential, £, =140 Ry was used. The interaction
between valence and core electrons has been described by
ab initio nonlocal pseudopotentials [18,19]. In order to
ensure that the properties of the liquid and hence of the
amorphous networks generated in our simulation are not
biased by the initial configuration chosen, we generated
two liquidlike states starting from completely different in-
itial conditions. In one (the 54-atom sample) the atoms
of the two species occupy the diamond crystal positions
randomly, thus also allowing homonuclear bonds. In the
other (the 64-atom sample) they are arranged in the
rocksalt structure, where only heteronuclear bonds are
present. Both samples were heated to T=4000 K, where
the system shows a diffusive behavior and is therefore
characterized as a liquid, equilibrated for about 1 ps and
then cooled to T==500 K [20]. The structural and bond-
ing properties of the two networks thus generated are
very similar. We therefore conclude that the model of a-
SiC obtained in our simulation is not affected by the ini-
tial conditions chosen, not by different k points sampling
of the BZ. In the following we describe our data for the
54-atom sample. Detailed analysis of both samples will
be reported elsewhere.

Figure 1 displays the computed partial distribution
functions (PDF) g;.; (i,j =C,Si). The gc.c curve has an
intense first peak at 1.50 A, to be compared with the
nearest-neighbor distances (d,,) calculated [15] for
graphite (1.43 A) and diamond (1.55 A). The partial
coordination number of C (nc.c), as computed from the
integral of gc.c up to its first minimum at 2 A, is about
1.8. The gc.c curve has two secondary maxima at 2.51
and 2.94 A. The first is the most intense one, close to the
next-nearest-neighbor distance in diamond (2.49 A), and
corresponds to carbons both bonded to a like atom (C-C-
C configuration), whereas the second peak corresponds to
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FIG. 1. Computed radial distribution functions gi.;, i,j
=C,Si.

C-Si-C configurations. C atoms are found to form both
sp? and sp? sites, in agreement with experimental evi-
dence [7,21-23], and consistent with the results of recent
Monte Carlo simulations [3]. In particular, in our sam-
ples 15% of the C sites are coordinated threefold, with
preferred bond angles close to 120°. The partial angular
distributions of threefold and fourfold C atoms have max-
ima close to the graphitic and tetrahedral angles, respec-
tively.

The first maximum of gs;i.c (Fig. 1) is at 1.89 A, which
corresponds to the computed dp, in ¢-SiC. The value of
nsi.c is calculated to be =2.1; this, together with the re-
sult for nc.c, gives a total C coordination smaller than
4.0. The gs;i.c curve has a pronounced secondary peak at
2.85 A, followed by a shoulder at about 3.4 A. As is the
case for the secondary maxima of gc.c, these structures
are related to different bonding arrangements of the two
species, in particular to C-C-Si and C-Si-Si config-
urations. gs;.si is less structured than the other PDF. It
has a first maximum at a distance close to d,, in diamond
Si (2.32 A) and a broad secondary peak spread over 0.6
A. Its first minimum is not well defined, making the
definition of ns;.s; distance dependent [24]. These results
together with those obtained for the angular distribution
of Si atoms, which has a broad peak around 105°, an an-
gle smaller than the tetrahedral angle (109°), indicates
that the network formed by Si sites is a distorted
tetrahedral network, more disordered than the one found,
e.g., in a-Si [16].

The picture of a-SiC which emerges from our structur-
al analysis is rather complex: (40-45)% of the bonds
formed by C are homonuclear, quite unlike the structure
of ¢-SiC. C atoms, which give rise to both sp? and sp*®
sites, tend to form chainlike structures, surrounded by
Si-C and Si-Si networks, where Si give rise to strongly
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distorted diamondlike sites. These findings, which are
consistent with recent TB calculations [4], are in ap-
parent disagreement with the interpretation of several ex-
perimental data. In order to understand this discrepancy,
it is useful to compare directly our results with XRD
data. From the computed partial structure factors (SF)
Si j(q) =(X; jexp(—iq-R;)exp(—iq-R;)) (where R
are atomic positions and () denote averages taken over 1
ps at T==500 K), we can construct the total distribution
function jxr(r) [Fig. 2(a)] to be compared with the
Fourier transform of measured scattered intensities. We
have obtained jxgr (r) as the FT of the total SF [25],

_ 2iifiQ)fi(@)Si (q) )
Zifi(fl)2 '

where f;(g) are x-ray atomic scattering factors from Ref.
[26]. The jxr(r) curve has a first intense peak at =1.9
A preceded by a shoulder at 1.5 A, consistent with the ex-
perimental data reported in Refs. [10,11]. Indeed, in
[10] it is seen that jxgr of a-Sij—,C,:H has a peak at
=1.9 A (1.85 A) for x =0.75 (x =0.35) and a shoulder
at 1.5 A. Similar features at 1.9 and 1.5 A are found in
the DF t(r) =4nporlg(r) — 1] reported in [11] for eva-
porated a-Sij—C, (x=0.5). In x-ray scattering Si is
weighted more than twice as much as C by its atomic
fi(g) le.g., fsi(g)/fc(g)=2.3,3.52.6 for g=0,5,10 A",
respectivelyl, and therefore the intense peak of gc.c (Fig.
1) appears only as a weak shoulder in jxr. Furthermore,
gsi-si is rather featureless and thus the Si-Si nearest-
neighbor distance is not visible in jxg. These two cir-
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FIG. 2. Computed total distribution functions, to be com-
pared with Fourier transforms of (a) x-ray [jxgr(r)] and (b)
neutron [jn(r)] scattered intensities (see text). In (a) the
bump at r < 1.3 A is a spurious effect of the g-space cutoff used
in our FT procedure (see Ref. [25]).
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cumstances — large scattering from Si which masks the
C-C correlations and disorder in the Si subsystem
—conspire to give a rather prominent peak in jxr at
=1.9 A, close to the Si-C distance in ¢-SiC. This has
often been interpreted as a clear signature of chemical or-
der in a-SiC, thus leading to a structural model rather
different to that obtained in our simulation. Clearly the
x-ray data alone cannot resolve the issue of chemical or-
der nor can electron scattering (ES) experiments for
which similar considerations apply [f&R(¢)/f&R(g) is
very similar to f§5(q)/ fE5(¢)). XAFS data [9,12],
which use the Si adsorption edge, show a strong Si-C
peak, suggesting again chemical order. However, even
these results are in our opinion fully consistent with ours,
since we expect XAFS backscattering interference to be
dominated by the strong Si-C correlations, and the weak-
er and broader gs;_si to lead to a very blurred and hardly
detectable feature.

We suggest that neutron diffraction data are able to
resolve this ambiguity. In fact neutron scattering can
better resolve C-C correlations since the scattering cross
sections of Si and C are more evenly balanced with a
dominance of the C scattering. Figure 2(b) shows the
distribution function jn () computed from
N8 ()

Zi(fiN)Z '
where f¥ are neutron scattering lengths [f§ =4.15, /¥
=6.65 fm] and g;_j-computed PDF [27].

It is seen that jy(r) is quite different from jxg(r),
with its double peak at 1.5 and 1.9 A, reflecting the pres-
ence of different kinds of bonds in the amorphous net-
work. This is clearly at variance with the crystal.

The electronic properties of a-SiC have been analyzed
in terms of the electronic density of states (EDOS) and
its angular decomposition in s and p components (Fig. 3).
The material is found to be a semiconductor, in agree-
ment with experiment. The overall shape of our EDOS is
also in close agreement with available photoemission
spectra [22]. At the bottom of the valence band, whose
width is slightly larger than that of ¢-SiC, predominantly
C s states are found. They give rise to a double-peaked
structure centered around — 15 eV, which has been ob-
served in photoemission spectra by Fang and Ley [6].
Another prominent feature is the disappearance of the
ionicity gap at = —11 eV which characterizes ¢-SiC
EDOS. This is a manifestation of the randomness and
lack of chemical order in a-SiC. The top of the valence
band is clearly dominated by C and Si p states, whereas
conduction-band states show a large homogeneity with
respect to s and p character of both species.

In conclusion, we have presented MD simulations of
a-SiC at stoichiometric composition which show that the
system can be classified neither as chemically ordered
since (40-45)% of the bonds are homonuclear nor as ran-
dom since a high degree of short- to medium-range order
exists. We expect that other amorphous alloys of chemi-
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FIG. 3. The lower panel shows the electronic density of
states (EDOS), computed as an average over 19 atomic
configurations. (The solid line represents the convoluted data
with AE=0.5 eV.) The middle and upper panels show the an-
gular decomposition of EDOS into s (diamonds) and p
(crosses) components for C and Si, respectively. Spheres of ra-
dii 1.17 and 0.76 A centered around Si and C have been chosen
for the decomposition.

cally different elements will also display a similarly com-
plex behavior. For all these systems reference to the
perfect-crystal properties may be misleading. Only the
access to atomic species correlations can determine the
short-range order without ambiguities.
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