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Ab initio study of hydrogenation effects in amorphous silicon carbide
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We propose a structural model of hydrogenated amorphous silicon carbide (a-SiC:H) at
stoichiometric composition and low H content, based on the results of ab initio molecular-dynamics
simulations. As found for a-SiC, the system has a complex structure which cannot be described as a
distorted crystalline phase. Nevertheless, the degree of chemical order is larger in the hydrogenated
network than in the pure network. H binds to both C and Si. H bound to C gives rise to sp®
bonded monohydrated sites, thus favoring the formation of a tetrahedral network. H bound to Si
forms diverse bonding configurations where weak and strong bonds can be identified. These results
are in agreement with recent experiments. Furthermore, our findings for the evolution of Si-H and
C-H bonding as a function of temperature are consistent with recent measurements of H desorption
from Si-C alloys. Finally, we suggest an interpretation of x-ray and neutron-diffraction data based

on analyses of several total distribution functions.

I. INTRODUCTION

The technological importance of hydrogenated amor-
phous silicon carbide films (a-SiC:H) in the fabrication
of photovoltaic devices, solar cells, and hard coatings has
recently inspired various experimental investigations of
these alloys.! It is now well established that the short-
range order of a-SiC:H films depends on their hydrogen
content;? there is also general agreement upon the role of
H in increasing the ratio of heteronuclear to homonuclear
bonds, i.e., in enhancing chemical order in Si-C alloys.
For example, dilution of methane-silane mixtures with
molecular hydrogen during the growth of a-SiC has been
found to promote chemical order in plasma-enhanced de-
posited samples,>* and to favor fourfold coordinated C
sites.’

However, a comprehensive picture of hydrogenation ef-
fects in a-SiC is lacking; in particular, whether H is more
likely to bind to Si than to C, and the specific bonding
configurations induced by the presence of H are still open
questions. An increase of C concentration in Si-C alloys
has been correlated to an increase of H trapping during
growth,® which may be an indication of H being more
likely bound to C than to Si in a-SiC:H. On the other
hand, H bound to Si has been detected in infrared (IR)
absorption experiments” of a-Si;_.C_:H, for a wide range
of carbon concentrations (0.1 < z < 0.7), and the pres-
ence of Si-H bonds probed by recent neutron scattering
experiments? on silicon rich alloys.

A long-standing subject of controversy concerns the
degree of chemical order in a-SiC:H.! The results of dif-
ferent experiments using the same techniques, e.g., x-
ray photoemission spectroscopy (XPS) and extended x-
ray absorption fine structure spectroscopy (EXAFS), has
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led to establishing different ratios of homonuclear to het-
eronuclear bonds in alloys with approximately the same
H content. This may be partially due to genuine struc-
tural differences between samples prepared under differ-
ent conditions. However, the controversy about chemical
order arises mainly from difficulties in the interpretation
of experiment. For example, it has been pointed out®
that both chemically ordered and random distribution
models can well reproduce core level shifts measured by
XPS as a function of the alloy composition. Furthermore,
incongruous ratios of Si-Si to Si-C bonds have been de-
termined from the analysis of EXAFS signals measured
by different groups®:'° for samples prepared under similar
conditions.

In order to investigate the issues of chemical order
and H bonding in a-SiC:H we performed first-principles
molecular dynamics (MD) simulations!! of an a-SiC:H al-
loy at stoichiometric composition, containing about 20%
hydrogen. To our knowledge, this is the first theoretical
study of the structural properties of hydrogenated a-SiC.
The presence of covalent bonds and of species with dif-
ferent chemical behaviors such as Si, C, and H calls for
a quantum mechanical description of the atomic inter-
actions. In our simulations interatomic forces were de-
rived at each step by quantum mechanical calculations,
based on density functional theory, within the local den-
sity approximation. This approach!! has already proved
powerful in predicting a variety of properties of amor-
phous semiconducting materials, such as of both pure
and hydrogenated a-Si (Ref. 12) and a-C (Ref. 13) and
of a-SiC.1*

The results of our simulations allow one to character-
ize the bonding configurations of each atomic species and
to elucidate the role of H in determining the microscopic
structure of an a-SiC alloy; furthermore, they provide
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an interpretation of x-ray and neutron diffraction experi-
ments based on the analysis of total correlation functions.

II. COMPUTATIONAL METHOD

We considered an atomic H concentration (ng), 19%,
at the bottom range of concentrations in so-called high
quality samples, used in photovoltaic devices, and we ini-
tially fixed the film density p at 3.18 gr/cm3, close to the
density of cubic ¢-SiC. In our simulations we used a su-
percell containing 32 Si, 32 C, and 12 H atoms, with sim-
ple cubic periodic boundary conditions. The interaction
between ionic cores and valence electrons was described
by norm-conserving pseudopotentials'® including s and
(s + p) nonlocality for C and Si, respectively. The pure
coulombic potential was used for H. The electronic wave
functions and the charge density were expanded in plane
waves with energy cutoffs (E.y) of 35 Ry and 140 Ry,
respectively. The supercell Brillouin zone was sampled
only with the I" point. Calculations of the equilibrium
volume and of the band structure of ¢-SiC and of the
bond lengths and vibrational frequencies of the molecules
SiH4 and CH,4 were performed in order to test our choices
for the pseudopotential and for E.,;. Our results!? are
in good agreement with existing calculations and with
experiments.

An a-SiC:H network was generated by rapid quenching
from a liquid at T' ~ 4000 K. A SiC liquid state was first
obtained, by heating up to melting a crystalline lattice
in the zinc-blende structure; randomly placed H atoms
were then added to the system, and the whole sample
equilibrated for about 1 ps. The system was brought to
500 K with a cooling rate 7' ~ —2 x 10'® K /s (where the
dot indicates time derivatives). After a short run at room
temperature, it was heated up again to about 1400 K,
and cooled down at room temperature with 7'~ —0.7 X
10'® K/ps. Throughout the whole annealing procedure
we computed the pressure acting on the system and the
supercell volume was rescaled so that the density at the
end of the annealing cycle would be within 1-2% of its
equilibrium value. Statistical properties were computed
at T = 260 K, over a 1.5 ps run.

III. RESULTS AND DISCUSSION

Analyses of the ionic trajectories obtained in our sim-
ulation show that the computer generated sample is a
highly distorted tetrahedral network with both homonu-
clear and heteronuclear bonds, which cannot be described
as a distorted crystalline phase. These results are consis-
tent with those of electron diffraction measurements!®
and with recent EXAFS data.® The relative propor-
tions of C and Si bonds are N¢_¢/Nc—si ~ 0.5, and
Nsi—si/Nc-si =~ 0.6, where N;_; indicates the number
of bonds between species I and J. The number of het-
eronuclear bonds is more abundant than in a computer
generated unhydrogenated network,'* revealing a moder-
ate tendency towards chemical order. H is found to bind
to both C and Si, in agreement with the indications of
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recent experiments.?%:2! Carbon has a total coordination
very close to four (3.97), larger than in a-SiC (3.85). In-
deed, only one threefold coordinated C site is found in
our sample. The increase in C coordination is due to the
presence of H, which binds to carbons bonded to three
other atoms (either C or Si). This gives rise to fourfold
coordinated C(*)-H units,'® which are the only kind of hy-
drogenated C sites found in our sample. The C-H bond
distance (1.12 A), as indicated by the position of the in-
tense first peak of the correlation function gc_p shown
in Fig. 1 (lower panel), is very close to the corresponding
bond length calculated (with the same E.,;) for the CH,
molecule. The C*)-C bond length, larger than in pure
a-SiC, is closer to the diamond than to the graphite first-
neighbor distance. As far as bond angles are concerned,
we note that both Si-C-H and C-C-H angular distribu-
tions have a sharp peak around 109°. We can therefore
conclude that C(¥)-H units are sp® bonded, tetrahedral
sites, in agreement with photoconductivity? and electron
paramagnetic resonance measurements.’® The bonding
properties of protonate C are remarkably similar to those
of C sites bonded to H found in a-C:H3.

Contrary to hydrogenated carbons, C not bound to H
gives rise to distorted tetrahedral configurations. The av-
erage C-Si first-neighbor distance (1.87 A) is close to the
corresponding distance computed for cubic ¢-SiC (1.89
A) and the position of the second peak of both go_c and
gsi—s; are very close to the second-neighbor distances in
cubic ¢-SiC (3.08 A). However, both C-C-C and C-Si-C
angular distributions show two structures at 109° and at
120°, indicating that unhydrogenated C sites can have
bonding configurations with hybridization intermediate
between sp® and sp?.

Si-Si and Si-H bonds are more complex to character-
ize than their carbon counterparts. Si total coordina-
tion is larger than four (~ 4.4); indeed, a large number
of fivefold coordinated Si atoms (Si(®)) is present in our
computer generated network. This large amount of Si(®)
could be partially an artifact of the small size of the MD
cell and of the fast quenching rates. In our simulation, at
the end of the second annealing cycle we find a smaller
number of Si(®) sites than after the first cycle, together
with better defined peaks in gg;—yg and gs;_s; correla-
tion functions. Nevertheless, a concentration of fivefold
Si sites bigger than the one found, e.g., in a-Si and a-Si:H

gSi-H
2
= d-H
1 2 e .3 4
R (A)

FIG. 1. Calculated C-H (lower panel) and Si-H (top panel)
partial distribution functions.
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is expected to be a genuine feature of a-SiC alloys pre-
pared by quenching, and to possibly arise from the large
difference between the energies of C-C, Si-C, and Si-Si
bonds.

The gs;_u correlation function, shown in Fig. 1 (top
panel), has a broad first maximum at 1.54 A , to be
contrasted with the intense first peak of gc_g. The
spreadout of Si-H bond distances indicates that differ-
ent types of Si-H bonding configurations are present in
the network. We find both Si-H and Si®)-H units in
our sample. In Si(®)-H sites, the Si-H bond distance is
very close to that of silane (1.50 A ), whereas in Si(®)-
H units the Si-H bond length is approximately 1.6 A.
Long (weak) Si-H bonds give rise to Si-H-Si bridge con-
figurations with bond angles of the order of 130°. The
occurrence of Si-H-Si bridges, which becomes more prob-
able as T is lowered during the annealing cycle, could be
directly related to the presence of Si(®). It might be a
consequence of the conversion between Si(®) defects and
weak Si-H bonds similar to that suggested to take place
in a-Si:H,?? according to the path Si®)-H + Si(4)-Si(®) —
Si4) 4+ Si(4)-H-Si(®), as a function of decreasing T

In our simulation we did not find any tendency of H
atoms to be clustered, contrary to a-Si:H'? but similar
to a-C:H!3; we observed, however, the formation of a H;
molecule during the annealing cycle, which turned out to
be stable also at room temperature.

As T is raised from 300 K to about 1400 K in our sec-
ond annealing cycle, gs;—g becomes less structured and
the intensity of its first peak becomes very close to one,
inferior to that of the second maximum. On the contrary,
no significant change in go_y is observed: its sharp first
peak remains very siniilar to that shown in Fig. 1, over
a wide T range. These results are consistent with those
of recent IR measurements?%:2! on SiC alloys, performed
as a function of increasing T: H is found to desorb first
from Si; it can then bind to C if unprotonate C sites
are present in the alloy, and finally leave the sample at a
temperature much larger than that needed to break Si-H
bonds.

A direct comparison with data from x-ray (XR) or
neutron diffraction (ND) experiments is not yet possi-
ble, since at present there are no measurements for films
with the same composition and H content as our com-
puter generated network. However, it is interesting to
discuss how the results of our simulation are to be com-
pared to those of these experiments, and how diffrac-
tion techniques are able to discriminate among the many
bonding configurations found in a-SiC:H. In order to do
so, we analyze total distribution functions (DF). In the
top panel of Fig. 2 we display the bare DF

Jp(R) = 47R*nGp(R) = 4wR’n Y crcsgrJ(R) (1)
1,J

obtained from the partial correlation functions gr;(R)
computed in our simulation. n denotes the average num-
ber density and c; the atomic concentration of species I.
The sum extends to all of the atomic species. The peak
positions of Gp(R) are given in Table I, where they are
associated with specific bond lengths according to the po-
sitions of the g7;(R) maxima.23 The middle panel of Fig.
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FIG. 2. Bare total distribution function Jp (upper panel)
and total distribution functions to be compared with x-ray,
Jxr (middle panel) and neutron diffraction Jny (lower panel)
data (see text). In the upper panel vertical bars indicate the
position of the peaks specified in Table I. In the lower panel
the thick and thin lines correspond to bare and convoluted
data (gmax = 30 A1), respectively.

TABLE I. The first column gives the position (R) of the
mth maximum of the partial distribution functions grs(R).
The value of m and the type of atomic species I, J (C, Si, H)
are given in columns 2 and 3, respectively. The intensities of
the maxima of Gg(R) = EIJ crcy gr7(R) (see text), defined
as W = crecs (2 — 817)grs(R), are given in column 4. The
maxima of Jp(R) corresponding to those of G g(R) listed here
are marked in Fig. 2 (upper panel). Distances are indicative
values (Ref. 23).

R (A) m I-J w
0.84 1 H-H 0.5
112 1 H-C 1.2
1.54 1 H-Si 0.2
1.56 1 c-C 1.3
1.85 1 C-Si 3.0
2.30 1 Si-Si 0.3
2.38 2 H-C + H-Si 0.3 + 0.3
2.72 2 C-Si 0.5
2.8 2 C-C + Si-Si 0.3 + 0.3
3.0 3 C-C + Si-Si 0.3 +0.3
3.1 4 C-C + Si-Si 0.3 + 0.3
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2 shows the DF Jxgr(R), obtained as Fourier transform
(FT) of

_ 210 f119)£1(9)515(9)
El fIZ(Q) .

Here fr(q) is the atomic XR form factor for species I
and Srj(q) the partial structure factors computed as for
pure a-SiC.'* Jxr can be compared directly to the FT
of measured scattered XR intensities. The peak posi-
tions of the calculated Jxgr at R = 1.49, 1.87, and 2.30
A are in agreement with those of the corresponding DF
reported in Ref. 24, for films with 0.3 and 0.7% C con-
tent. A comparison between Jp(R) and Jxgr(R) shows
that the most intense maxima of Jxg(R) are associated
with Si-C and Si-Si first- and second-neighbor distances.
Structures arising from C-C bonds and from C-H or Si-H
bonds appear only as blurred maxima or weak shoulders
in Jxg. Indeed, in XR elastic scattering Si is weighted
more than twice as much as C by its atomic fr(g). The
opposite occurs in ND, where C is weighted more than
Si, having a ND coherent length (bc = 6.65 fm) sensibly
larger than that of Si (bs; = 4.15 fm). Furthermore, the
presence of H can be detected directly in neutron but
not in XR diffraction experiments. Therefore, a total
DF obtained by ND measurements can provide informa-
tion complementary to those coming from Jxg. In Fig. 2
(lower panel) we plotted the DF Jy(R) (thick line) de-
fined as

S(a) (2)

dorsbrbsercsgri(R)
Yorsbrbyeres

In order to allow a direct comparison with the output of
ND experiments, in Fig. 2 the same data convoluted with
the experimental resolution function?® corresponding to
Gmax = 30 A1 (thin line) are also shown. It is seen
that C-H and C-C bonds give rise to prominent features

JN(R) = 4nR%*n (3)
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in Jy before the most intense peak coming from Si-C
first neighbors. The deep minimum around R = 2.4 A is
mainly due to Si-H and C-H second neighbors (see Table
I), since neutrons are backscattered by H (by = —3.73
fm). The broad maximum at about 3 A comes instead
from Si-C, Si-Si, and C-C second neighbors.

In summary, we have presented ab initio MD simula-
tions of the structural properties of a-Sig.5Co.5:H at 20%
H content. The structure of the alloy turns out to be
a complex network composed of homonuclear and het-
eronuclear bonds, similar to that found in the simula-
tion of pure a-Si-C,'* but with a larger proportion of
Si-C bonds. The presence of H favors the formation of
a tetrahedral network and thus enhances the chemical
order in the material. Analyses of the different bonding
configurations have revealed that hydrogenated C forms
tetrahedral units, whereas C not bonded to H gives rise
to sites with bonding intermediate between sp? and sp®.
H bound to Si does not only passivate dangling bonds
but originates several different bonding configurations:
we could identify strong H-Si bonds, with lengths similar
to those of the silane molecule [SiH4] and weaker bonds,
characterized by longer distances. These occurrences of
weak bonds can be correlated with the occurrence of five-
fold coordinated Si atoms.
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