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Empirical molecular dynamics simulations combined with a recursion procedure are applied to the study of
the atomic and electronic structures ofa-SiC thin films. The films are generated from the condensation of
diluted Si-C vapor on a crystalline silicon substrate similarly to atom-by-atom deposition. The as-deposited
films are annealed at different temperatures. Growth kinetics, bonding configuration, chemical ordering, cohe-
sion, relaxation effects, surface roughness, atomic level stress, and electronic properties of the films are
investigated as functions of the deposition parameters: vapor temperature, applied particle force, and substrate
and annealing temperatures. The results are compared with those associated with bulk and film samples ofa
-SiC generated from the melt. The main theoretical findings ona-SiC films are in rather good agreement with
experimental evidences.
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I. INTRODUCTION

Recent progress made in chemical vapor deposition
(CVD), mainly plasma enhanced-CVD(PECVD), of hydro-
genated amorphous silicon carbidesa-SiC:Hd films holds
promise for producing semiconductor devices.1–4 The opto-
electronic and microstructural properties of such films have
been widely studied.2–9 However, in recent years, there has
been growing interest in preparing unhydrogenated amor-
phous silicon carbide films(a-SiC) by using various tech-
niques such as laser-ablation deposition(LAD ), pulsed laser
deposition, triode-sputtering deposition, rf, and dc magnetron
sputtering, and arc deposition.10–18 Numerous studies have
also reported thata-SiC layers can be produced under high-
energy particles(electron, neutron, or ions) bombardment of
crystalline silicon carbide.19,20 This interest has been prima-
rily motivated by the unique tribological properties of
hydrogen-free films. Unhydrogenated amorphous SiC layers
were shown to exhibit mechanical properties that are supe-
rior to those of their hydrogenated counterparts. In particular,
Khakaniet al.10,11 and Croset al.12 have reported that LAD
a-SiC has hardness and Young’s modulus of about
30–52 GPa and 242–400 GPa, respectively, almost twice as
high as that of PECVDa-SiC:H. The abrasive wear resis-
tance of arc-depositeda-SiC coatings was found to be sev-
eral times higher than that of silicon wafers.13 Several ex-
perimental investigations also show that the properties and
growth kinetics ofa-SiC anda-SiC:H layers drastically de-
pend on the deposition technique and parameters.

Hydrogen-free bulk silicon carbide was investigated theo-
retically in the framework of a first-principles pseudopoten-
tial approach(PA)-molecular dynamics(MD) (Refs. 21 and
22) and tight binding(TB)-MD simulations.23,24 In addition
empirical potential(EP)-Monte Carlo(MC) simulations,25–28

EP-MD simulations19,20,29–31were used to study the atomic
configurations and chemical ordering. The atomic and elec-
tronic structures ofa-SiC:H were investigated with the help
of the PA-MD (Ref. 32) and TB-MD (Ref. 33) simulations.
Most a-SiC samples were generated by cooling the high-

temperature 3C-SiC melt.21,22,25–31Both the TB 128-atom
unhydrogenated and hydrogenated samples were obtained
from the diluted Si-C(Refs. 23 and 24) and Si-C-Hvapors.33

A different approach was used in Refs. 34–37 to generatea
-SiC. The authors34–37have employed empirical MD simula-
tions of displacement cascades under ion irradiation to study
atomic arrangements ina-SiC. All the computational
schemes mentioned above give similar sample characteris-
tics. The main difference lies in the evaluation of the extent
of the chemical ordering. The structures with low chemical
ordering were generated by using PA-MD and TB-MD
simulations,21,23,24 whereasa-SiC samples with compara-
tively high chemical ordering were prepared by using tech-
niques based on the empirical Tersoff potential.19,20,25–31,34–37

In contrast to the bulka-SiC that has been widely studied
with various theoretical and experimental procedures, no the-
oretical investigation ofa-SiC films grown on a silicon sub-
strate was yet carried out.

To fill this gap, we have generated a series of theoretical
samples representing condenseda-SiC thin films on a silicon
slab. For this purpose, an atom-by-atom deposition scheme
based on large-scale EP-MD simulations was proposed. Our
motivation was based on the following facts. For various
applicationsa-SiC sa-SiC:Hd films are usually grown by
vapor-growth or sputtering techniques, and it is rather diffi-
cult to prepare them from the liquid phase using rapid
quenching. Besides, the samples generated from the liquid
phase do not contain voids, which are present ina-SiC films
in large quantities. Therefore, instead of accounting for all
the peculiarities of an experimental deposition, which is
challenging, we tried to single out some of the main features
of such a process. A series ofa-SiC films were generated
from a diluted vapor by means of vapor condensation on a
substrate of crystalline silicon under various deposition con-
ditions. The selected controlled deposition parameters were:
vapor temperature, normally applied particle force, and sub-
strate temperature, and the growth kinetics was analyzed as a
function of these parameters. To investigate the effect of an-
nealing on film properties one of the as-deposited samples
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was annealed at various temperatures. The atomic and elec-
tronic characteristics of the samples were thoroughly studied.
In addition, for comparison purpose, bulk and filma-SiC
samples were generated by using a more traditional ap-
proach, i.e., by cooling the 3C-SiC melt. The simulated film
characteristics are compared with those obtained experimen-
tally and theoretically on film and bulka-SiC samples when-
ever possible. In the absence of published results, our find-
ings will be compared with those established fora-SiC:H
films.

The paper is organized as follows: In Sec. II we describe
the peculiarities of the EP-MD simulations, and introduce the
recursion procedure for computing the densities of states
(DOS). Section III is devoted to the results of the study of
the influence of the deposition parameters(vapor tempera-
ture, applied force, and substrate temperature) on film char-
acteristics. The results on film annealing and DOS investiga-
tions are also presented in this section. Finally, the main
conclusions are given in Sec. IV.

II. COMPUTATIONAL APPROACH

A sample consisting of 1344 atoms, i.e., 768 Si atoms
belonging to a substrate and 576 atoms with an equal number
of Si and C atoms belonging to SiC vapor in a 21.72
321.723200.0 Å rectangular cell is initially considered for
MD simulations. The periodic boundary conditions along the
x- andy-directions are taken into account. No periodic con-
dition is imposed to the cell in thez-direction. The film con-
densation is carried out with EP-MD simulations, in the con-
stant number of particles-volume-temperature(NVT)
ensemble, based on the Tersoff potential for SiC(Ref. 27)
that does not take thesp2 C-C interaction into account. The
simulation cell contains a substrate representing the lower
(001) silicon slab having thes43436d a0 configuration(a0

is the lattice parameter ofc-Si), and an upper reservoir with
the SiC diluted vapor. The vapor reservoir is thermostated to
maintain the vapor at a specific temperature. It is displaced
relatively to the substrate along thez-direction by a distance
that exceeds the film thickness. A normal force directed to-
wards the substrate is applied to each atom in the reservoir.
The system is immovable due to the fixed lower substrate
layer. The next six layers of the substrate are thermostated to
control the substrate temperature. The controlled deposition
parameters are: the vapor temperaturesTGd, the normally ap-
plied particle forcesFNd, and the substrate temperaturesTSd.
Each deposition is carried out during 18, 20, and 22 ps, and
after complete deposition a small amount of isolated atoms is
found. Such an approach allows us to evaluate the average
film condensation rate(film growth rate). Prior to deposition,
the vapor and the substrate are equilibrated atTG and TS,
respectively, for 5 ps. We have investigated the as-deposited
films, i.e., the films that were not equilibrated after the depo-
sition, and the relaxed samples that were equilibrated at tem-
peratures equal toTS during 50 ps and further cooled down
to 300 K and equilibrated for 5 ps. Also, one sample was
annealed atTa=600, 1300, 2000, and 2500 K using both the
NVT and NPT (constant number of particles-pressure-
temperature) ensembles. In the NPT ensemble, we have ap-

plied the Andersen constant pressure method.38 The cell size
in thez-direction was chosen so that the slab simulation con-
ditions were fulfilled. A mass for the external system that is
required for the simulations38 was set equal to the mass of all
the atoms. When applied to the bulka-SiC, the Andersen
scheme gives an equilibrium volume at 300 K that differs by
only 0.1% from that obtained from the simulations under
constant bulk modulussB=2.2 Mbard. All the equilibrated
samples were relaxed for 5 ps. A time step of 1.0310−15 s is
used during all MD simulations. To evaluate the film cohe-
sion we calculated the difference between the potential ener-
gies of the samples before and after shifting all the film at-
oms in thez-direction relatively to the substrate by 8.0 Å.
The distance of 8.0 Å was sufficient to keep the substrate
and the film atoms without interactions.

Along with the calculations of the film structures using
the depositionlike technique, we generated a bulk sample of
a-SiC by cooling the melt, obtained from the3C-SiC crystal
at 8000 K, down to 300 K with a cooling rate of,1013 K/s.
To equilibrate the structures, both the melt and the amor-
phous sample were let to evolve for 20 ps. The Tersoff po-
tential gives equilibrium lattice parameters of 5.43 and
4.28 Å for c-Si and 3C-SiC, respectively, which are rather
close to the experimental values of 5.43 and 4.36 Å.1,2 We
considered a lattice parameter of 4.344 Å for the 600-atom
bulk samplesa-600d, as in the case of the as-deposited films.
An amorphous bulk originated filmsf-600d was generated by
means of an equilibration of the bulk samplesa-600d with
two-dimensional periodic boundary conditions during 30 ps
at 300 K. Thea-600 andf-600 structures were annealed at
300 K and 2500 K in the NPT ensemble by using both the
Andersen and the bulk modulus approaches. The(001) 3C
-SiC slab was generated by equilibrating a bulk 512-atom
sample with two-dimensional periodic boundary conditions
at 300 K during 30 ps in the Andersen NPT ensemble. All
the annealed samples under investigation were cooled down
to 300 K with an average cooling rate of,1013 K/s.

Atomic level stresses of annealeda-SiC films are evalu-
ated by considering an atomic compression(tension)39

si = −
dEi

d ln V
, piVi , s1d

whereEi is the energy of atomi andV is the volume. Divid-
ing by the atomic volume,Vi, convertssi in units of pres-
sure,pi. The total intrinsic stress of the system can be calcu-
lated by summing upsi over all atoms. For a completely
strain compensated system the total stress is zero. The aver-
age atomic volume of thea-SiC/c-Si systems was consid-
ered as the average value betweenVi of c-Si and 3C-SiC
structures.

The surface roughness,Ra, of the annealed films is evalu-
ated according to40

Ra = o
i

uZi − Zaveu
N

. s2d

Experimentally,N is the number of measured heights during
atomic force microscope(AFM) scans,Zi is a surface height,
and Zave is the average height within a certain area. Within
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the simulation cell the surface heights are measured by using
a 10310 uniform grid that corresponds to the conditions of
the AFM measurements with a tip size equal to 2.2 Å.

In our investigation, asp3s* TB scheme41 is used to cal-
culate the DOS ofa-SiC/c-Si samples. Analysis of the local
DOS is carried out with the recursion technique of Haydock,
Heine, and Kelly,42 and Nex.43 The initial cell is duplicated
according to the periodic boundary conditions to generate a
large cluster of,5200 atoms. The local DOS of amorphous
systems is obtained with 53 levels of continued fraction for
the description of the one-electron Green function. This
number of levels guarantees a convergence of the DOS for
the corresponding crystalline materials.30,31 The parameters
of thesp3s* TB scheme forc-Si, diamond, and3C-SiC were
carefully determined in Refs. 30, 31, and 44. Therefore, we
only note here that our scheme gives BGs of 1.17, 2.40, and
5.50 eV for Si,3C-SiC, and diamond, respectively, in close
agreement with the experimental values. The scaling of the
two-center hopping parameters with interatomic distance is
chosen according to the Harrison rule.45

Following Fedderset al.,46 to clarify the extent of the
localization of the electronic states, we define a “localized
charge”qsn,Ed associated with each eigenvalue with energy
E and the atomic site centered on the atom numbern. This
charge is obtained from the eigenvectors of the TB matrix.
The quantityqsn,Ed summed over all atoms should be equal
to unity, therefore it is not suitable for determining the local-
ization of the electronic states at the energyE. For this rea-
son a mean-square charge is introduced46

QsEd = No
n

qsn,Ed2, s3d

where N is the number of atoms in the sample. Given a
distribution QsEd, the localization of a certain state can be
evaluated by comparison with the initial charge distribution.

III. RESULTS AND DISCUSSION

A. Atomic configurations and pair correlations

In Fig. 1 we show the atomic configurations of as-
depositeda-SiC films. The series of the samples was gener-
ated depending on the preparation conditions. The following
deposition parameters were chosen:TG=800, 1000, 1200,
1500, and 2000 K;FN=0.05, 0.08, 0.10, 0.12, 0.15 nN;TS
=300, 600, 800, 1200, and 1500 K. The following abbrevia-
tion for the as-deposited films is adopted:TGs3100 Kd
−FNs0.01 nNd−TSs3100 Kd. Hence, a 12-10-06 film is gen-
erated atTG=1200 K,FN=0.1 nN, andTS=600 K. One can
note in Fig. 1 that the main effect of the increase in the
deposition parameters on sample microstructure is displayed
in the interface region. It is clearly seen that as the deposition
parameters increase, the upper substrate layers undergo an
increased distortion that leads to the formation of an amor-
phous region. The sample densities as functions of the dis-
tance along thez-direction of the as-deposited and equili-
brated samples generated in the NVT ensemble,NsZd, are
given in Fig. 2. The results shown in Figs. 1 and 2 clearly
indicate that the density of the as-deposited film increases

with increasingFN, while an increase inTG leads to a de-
crease in the film density. The change inTS does not appre-
ciably influence the average film density. For all the films, an
increase in the deposition parameters leads to an atomic re-
distribution from the film surface towards the interface.

The comparison between the densitiesNsZd of the as-
deposited and equilibrated samples(cf. Fig. 2) shows that the
substrate thickness increases after equilibration, which leads
to reducing the substrate density. In addition, in the relaxed
samples, the amorphous region at the top of the substrate is
narrower as compared to that in the as-deposited samples.
From these findings we deduce that the substrate in all the
as-deposited samples are under compressive stress. As it will
be shown below, the as-deposited films are also under com-
pressive stress. Correspondingly, the lattice relaxation caused
by sample equilibration reduces the residual compressive
stress in both films and substrates.

In Fig. 3 we show the partial pair correlation functions
(PCF) in different film and bulka-SiC structures. The struc-
tural characteristics of variousa-SiC samples obtained from
MD simulations in the NVT ensemble are presented in Table
I. Note that, despite some differences in the structures, the
pair correlations in all these systems are very similar. All
partial PCF exhibit a distinct peak associated with the nearest
neighbor correlations. The main difference between the bulk
and film PCF is found in a peak broadening. In the films
these peaks are wider than in the bulk. The free surface that
gives rise to strongly distorted regions in the films raises the
scattering in the first neighbor correlations. Besides, a finite
amount of voids in the as-deposited films is revealed, which
also promotes the broadening of the pair correlations. The
first Si-C peak in the EP bulk sample is higher than in the PA
sample. On the other hand, the C-C correlations in the latter
sample are more localized than in the former sample. More-
over, the PA C-C peak is located,0.04 Å lower than the EP
C-C peak. This can be explained by the fact that the EP bulk
samples have higher chemical ordering and smaller C-C
graphitelike bonds than the PA samples(cf. Table I).

Information about the character of the atomic distribution
in different amorphous systems can be extracted from the
data presented in Table I. The number of fourfold coordi-
natedsT4d sites is comparable for all bulk samples, with the
exception of PA-16 and EP-10000 structures. For the first
sample, a “quasiperfect” amorphous structure was generated.
The second structure was generated by using the Tersoff po-
tential for C-C interactions determined from graphite.28

Therefore, in thea-SiC samples obtained with involving
such a potential, the carbonT3 configuration is
predominant.25,26,28 From Table I one can see that the per-
centage of Si-Si and Si-C bonds in all our samples are com-
parable. However the 12-10-06 films have a larger number of
C-C bonds than thea-600 and f-600 samples. Therefore,
when forminga-SiC structures, the carbon atoms form dia-
mondlike or graphitelike bonds in the process of the atom-
by-atom deposition more efficiently than when cooling from
the melt. The increase in the number of threefold coordinated
sT3d atoms in the sequencesa-600d-sf-600d-s12-10-06d is
caused by the appearance of atoms located in the outer and
void surfaces. This point will be discussed later.
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B. Film characteristics as a function of preparation conditions

Average growth ratesrDd, cohesion energysECohd, and
number ofT4 atomssn4d of the as-deposited and annealed at
T=TS films are shown in Fig. 4 as functions of the deposition
parameters. Let us analyze the influence of these parameters
on the properties of the theoretical and experimental films.
To compare our results with the analogous experimental data
we have to find a correspondence between the simulated and
experimental deposition parameters. It is difficult to find
without ambiguity the experimental counterparts of the
model parametersTG andFN. However, qualitatively, the gas
chamber pressuresPcd in CVD or the filament temperature
sTfd in hot wire-CVD can be brought in correspondence with
the vapor temperaturesTGd defined in our model. We can
assume that the negative substrate biassUdd that generates
the attractive particle force in plasma-CVD corresponds to

the normally applied particle force,FN. As for the correspon-
dence between the theoretical and experimental deposition
parameters it should be noted that, for the short simulation
time, the Tersoff potential overestimates the melting tem-
perature of crystalline Si and 3C-SiC.25–27 These values are
,2500 K and,4000 K, respectively, which are about one
and a half times higher than the experimental ones of
,1800 K and,2900 K, respectively.1,2,25–27,47Allowing for
this shortcoming of the Tersoff potential, we will analyze
below the temperature effects on the samples by comparison.

Figure 4 shows that the increase inTG andFN accelerates
the film growth process, and inversely, the increase ofTs
slows it down. The influence of normally applied forces on
deposition rate is appreciably stronger in comparison with
other deposition regimes. The effect of substrate temperature
at modest values ofTG andFN on the atomic configuration of
the films is to increase the dissipation of the outer atoms,

FIG. 1. Projections of atomic
arrangements on thex-y plane
of as-depositeda-SiC films. For
each sample the notations refer
to TGs3100 Kd−FNs310−2 nNd
−TSs3100 Kd. The full circles
correspond to the film Si(large)
and C(small) atoms. Only half of
the substrate atoms is shown
(open large circles).
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which leads to a decrease in the density in the perturbed
region(cf. Fig. 2). Such atomic heat dissipation is enhanced
with substrate temperature and prevents film growth. As a
result,rd decreases asTS increases. This finding is consistent
with accepted film growth mechanisms.7,8,14 An increase in
FN andTG leads to an accelerated deposition process, regard-
less of the enhancement of etching reactions, which is con-
sistent with a rise ofrD with an increase ofPc for rf
sputtered14 and photo-CVD,9 Ud for PECVD (Ref. 8) a-SiC

and a-SiC:H films, andTf for HW-CVD a-SiC:H films.48

Consequently, for the accepted range ofFN and TG values,
we find that etching is dominated by deposition.

The adhesion of both the as-deposited and annealed films
to the silicon substrate(reflected in the cohesionECoh) is
enhanced as all the deposition parameters increase(cf. Fig.
4). For the as-deposited layers, the influence of normal ap-
plied forces is more noticeable, while an increase in substrate
temperature only leads to an insignificant increase in film
adhesion. The cohesion energy of all films increases upon
annealing. The drastic rise in film cohesion with increasing
TS is observed for the equilibrated samples. The film adhe-
sion strengthens during the structural evolution after deposi-
tion mostly due to a widening of the interface region. The
adhesion of the annealed films deposited at highTG, FN, and
TS to the silicon substrate is found to be higher than the
cohesion between the substrate layers. We did not find direct
experimental evidence for these results on film adhesion.
However, the tendency in the variation of the cohesion en-
ergy that is established here correlates quite well with an
improvement of the mechanical properties of PVD, LADa
-SiC,10,11,13,15and PECVDa-SiC:H (Ref. 49) films with an
increase inTS and Ta. In particular, in the latter case,49 the
a-SiC:H coatings deposited on silicon wafers at high tem-
perature exhibit higher abrasive wear resistance compared to
the uncovered wafers. The scratch tests13 have shown that
the scratch failure occurs in the silicon substrate and not at
the interface for the high temperature PVDa-SiC coatings
deposited on silicon wafers.

Finally, deviations of the amorphous network from the
ideal tetrahedral structure can be evaluated by counting the
numbern4 in thea-SiC film. The largern4 is, the smaller the
differences between both structures are. It is well known1–9

that the deviation from tetrahedral coordination related to

FIG. 2. DensitiesNsZd of the as-deposited(solid line) and 600 K annealed samples in the NVT ensemble(dashed line) as functions of
distance along thez-direction. The substrate extends up to,32 Å.

FIG. 3. Partial pair correlation functions of the as-deposited
12-10-06 film(solid line), the 54-atom PA sample(Ref. 21) (dotted
line), and thea-600 sample(dashed line). All the PCF are normal-
ized to unity aroundR=6 Å.
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various coordination defects leads to a deterioration of opto-
electronic properties and to a decrease in phase stability. Fig-
ure 4 shows that the number ofT4 atoms steadily increases
with an increase inFN. The variation ofn4 with TG andTS of
the as-deposited films has a maximum. Correspondingly, the
high-quality as-deposited films can be prepared at relatively
low temperature and highFN. In all cases, annealing leads to

an increase inn4. Note that an increase in the substrate tem-
perature can have a positive effect, i.e., can lead to improve-
ment of the amorphous structure provided that the as-
deposited films are further equilibrated. Along with the
increase in the number ofT4 atoms, chemical ordering and
distortions of the tetrahedral configuration are often consid-
ered as indicators of network quality.23–27,29–31In the a-SiC

TABLE I. Structural parameters ofa-SiC bulk and film samples obtained from MD simulations in the
NVT ensemble.RSi is the cut-off distance of the Si-Si interactions. In our calculationsRC-C and RSi-C are
equal to 1.9 and 2.2 Å, respectively;ni is the fraction ofi-fold coordinated atoms;Ni is the average coordi-
nation number of a speciesi; andNi- j is the fraction ofi- j bonds in the samples.

Sample RSi sÅd n3 (%) n4 (%) n5 (%) n6 (%) NSi NC NSi-Si (%) NSi-C (%) NC-C (%)

PA-54a 2.52 17 77 6 0.0 3.93 3.85 23.0 55.0 24.0

PA-16b N/A 0 100 0 0.0 4.00 4.00 7–16 84–68 7–16

EP-512c 2.56 N/A N/A N/A N/A 4.39 3.70 29.2 53.5 17.3

EP-10000d N/A 49.8 45.6 4.6 0.0 4.01 3.08 26.1 53.2 20.7

TB-128e 2.50 6.3 84.4 9.3 0.0 4.09 3.97 24.0 55.5 22.5

a-600 2.55 10.0 71.2 16.3 1.5 4.15 3.99 18.3 65.4 16.3

2.60 1.5 67.7 24.0 6.5 4.72 3.99 23.6 61.2 15.2

f-600 2.55 19.7 61.2 13.2 2.3 4.03 3.78 19.6 64.0 16.4

2.60 16.5 58.3 18.7 4.7 4.40 3.78 23.1 61.2 15.7

12-10-06f 2.60 27.6 55.7 8.3 1.0 3.74 3.55 20.1 58.3 21.6

12-10-06g 2.60 23.4 62.2 8.3 0.6 3.78 3.69 18.3 61.1 21.6

a54- and 16-atom samples are generated by cooling a SiC melt withab initio PA (Refs. 21 and 22).
b54- and 16-atom samples are generated by cooling a SiC melt withab initio PA (Refs. 21 and 22).
c512-atom sample is generated by cooling the SiC melt with a modified Tersoff potential(Ref. 29).
d65000-atom sample is generated by using the fee volume MC method combined with the Tersoff potential
(10000 atoms were selected for analyzing) (Ref. 28).
e128-atom sample is generated from the SiC vapor with a TB scheme.(Ref. 23).
f521-atom as-deposited and annealed at 2000 K films, respectively.
g521-atom as-deposited and annealed at 2000 K films, respectively.

FIG. 4. Average growth ratesrDd, cohesion
energy per atomsECohd, and average number of
four-fold coordinated atomssn4d of the as-
deposited and 600 K annealed films(NVT en-
semble) as functions of vapor temperaturesTGd,
normal force sFNd, and substrate temperature
sTSd. The horizontal line in the cohesion energy
plot corresponds to the energy needed for sepa-
rating the substrate into two equal parts along the
z-direction.
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films chemical ordering is found to be weakly sensitive to
the selected preparation conditions. The percentage of
hetero-nuclear bonds averages 59±2%. A number of hetero-
nuclear bonds slightly increase upon equilibrating, on aver-
age, by 1–2%. The increase inn4 and heteronuclear bonding
with an increase inTS is consistent witha-SiC getting more
similar to the crystal-like tetrahedral structure,1,2,50–56at high
deposition temperature. For LADa-SiC films, asTS is raised,
the optical BG increases along with a reduction in the den-
sity of paramagnetic defects,23–27,29–31which points to a de-
crease in the number of abnormally coordinated sites.

C. Structural relaxation under annealing

To clarify the nature of the structural transformation ina
-SiC films under annealing conditions we investigated in de-
tail the atomic configuration and atomic stress state of the
12-10-06 sample annealed at 600, 1300, 2000, and 2500 K in
the NVT and NPT ensembles. Table II contains the structures
parameters of the annealed samples. Without entering the
details, note that all the structural parameters of the NVT and
NPT films vary similarly with annealing temperature. How-
ever, a closer inspection shows that the number of hetero-
nuclear bonds in the latter films is larger as compared with
that in the NVT structures. Correspondingly, a free volume
change in the NPT systems enhances lattice relaxation that
promotes a form of hetero nuclear bonds. An increase in
annealing temperature leads to a noticeable increase in the
number ofT4 atoms and heteronuclear bonds. The C-C net-
work is weakly changed with annealing temperature, and this
can be attributed to the higher strength of the C-C bond
energy compared to the energy of the Si-Si and Si-C inter-
actions. This bond redistribution is clearly reflected in Fig. 5,
where the theoretical and experimental pair correlation func-
tions of the as-deposited and annealed films are displayed.
One can see that the changes in the experimentally measured
reduced radial distribution function when going from as-
irradiated to 800°C annealeda-SiC (Ref. 19) are similar to
those in the calculated spectrum upon annealing.

Although we did not find any direct information on an
effect of annealing on cohesion properties ofa-SiC films, we
believe that such information deduced from our theoretical
experiment will be useful when interpreting the tribological
properties of coatings based ona-SiC as was discussed
above. As seen from Table II, the cohesion ofa-SiC film to
silicon substrate rises with an increase in the annealing tem-
perature. To understand this cohesion enhancement, one can
analyze the density profile of the annealed samples along the
z-direction, as shown in Fig. 6. We will assume that an in-
crease in film cohesion withTa occurs because of a widening
of the interface region, which is related to spreading the sub-
strate atoms into the film layers. The latter leads to increas-
ing the number of the carbon atoms and Si-C bonds at the
interface. As a result, the substrate-film cohesion becomes
stronger than the energy needed for separating the substrate

TABLE II. Percentage ofT3sn3d, T4sn4d atoms andi- j bond sNi- jd, cohesion energy per atomsECohd,
surface roughnesssRad, and dimensionax=ay of the simulation cell of the as-deposited and annealed 12-10-6
samples generated in the NVT and PVT ensembles.

Annealing
temperature Ensemble

n3

(%)
n4

(%)
NSi-Si

(%)
NSi-C

(%)
NC-C

(%)
ECoh

(eV)
Ra

sÅd
ax

sÅd

NVT 27.6 55.7 20.1 58.3 21.6 −0.101 2.60 21.720

(as-dep.)

600 K NVT 25.0 55.4 21.2 57.8 21.0 −0.106 2.59 21.720

NPT 24.8 55.9 21.6 57.4 21.1 −0.110 2.62 21.548

1300 K NVT 24.8 56.1 21.3 58.0 20.7 −0.122 2.36 21.720

NPT 22.6 58.7 20.0 59.4 20.6 −0.122 2.49 21.394

2000 K NVT 23.4 62.2 18.3 60.1 21.6 −0.144 2.19 21.720

NPT 21.7 63.5 18.8 60.2 21.0 −0.126 2.23 21.422

2500 K NVT 20.7 63.2 18.0 61.1 20.9 −0.186 1.94 21.720

NPT 19.4 64.3 18.1 61.8 20.1 −0.164 1.99 21.403

FIG. 5. Pair correlation function of(a) the 12-10-06 film an-
nealed at 600 K(dashed line) and at 2500 K(solid line); and(b) the
as-irradiated(dashed line) and 800°C annealed(solid line) a-SiC
layers(Ref. 19). The theoretical samples were generated in the NPT
ensemble.
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layers already forTa.600 K. Upon annealing, along with
the interface broadening, the voids at the interface are an-
nealed. Consequently the interface becomes denser, and the
film adhesion is enhanced.

We evaluated the surface roughness of the annealed films
as a function ofTa. This value is reduced with increasingTa
(cf. Table II). Taking into account the density profile(see
Fig. 6) and the values ofax summarized in Table II, one can
see that the films become more homogeneous and denser
with an increase inTa, which is mostly associated with the
atomic relaxation around microvoids. In Fig. 7 we show the
atomic configuration in thex-y plane for a series of annealed
samples. One such void can be observed at the center of the
as-deposited 12-10-06 film. The void spreads from the outer
surface down to the substrate. An increase inTa promotes
atomic relaxation around the void, which leads to a decrease
in the void volume and, whenTa is raised further, to its
disappearance accompanied by an increase in the film den-
sity and a reduction of the surface roughness. Here, it should
be pointed out that an increase inTa from 600 K to 2500 K
leads to a reduction in density of thea-600 and f-600
samples by 2.8% and 3.8%, respectively. This finding
prompts us to conclude that the observed increase in film
density with rising annealing temperature is mainly due to
the disappearance of voids. This conclusion is in agreement
with the experimental observations.57 Indeed, Höfgenet al.57

examined the annealing behavior ofa-SiC using profilom-
etry and x-ray diffraction, and observed large volume reduc-
tion of a-SiC prior to crystallization. A previous investiga-
tion reported that the annihilation of point defects leads to
substantial densification.58

Additional information about atomic configuration ina
-SiC films can be obtained from the bond-angle distribution

functions,Nsud, shown in Fig. 8. If an amorphous structure
contains an appreciable number ofT3, T4, andT5 atoms, its
bond-angle distribution should have three peaklike features
related to these groups of abnormally coordinated atoms at
approximately 120°, 109°, and 80–90°, respectively. These
peculiarities are indeed present inNsud of silicon atoms. Tak-
ing into account the fact that the main peak of the silicon
Nsud function is located around 109°, one can say that the
silicon configuration ina-SiC films represents a strongly dis-
torted tetrahedral network. This finding is consistent with the
results of extended x-ray absorption fine structure
investigations59 and with the theoretical results for the melt-
derived bulka-SiC.21,27,28 Annealing leads to an enhance-
ment of the tetrahedral bond angle of 109°, which is consis-
tent with an increase ofT4 sites with an increase in annealing
temperature, as stated earlier. Another picture of the bond-
angle distribution is observed for carbon atoms. We see that
the carbonNsud function has one distinct peak around the
tetrahedral bond angle. This peak becomes more prominent
in the annealed samples. Hence, the carbon atoms form a
tetrahedral network that is less distorted compared to that
formed by silicon atoms. Since the tail of the peak overlaps
the bond-angles around 120°, one can conclude that the car-
bon atoms along withT4 configurations formT3 ones. About
30% of all carbonT3 atoms were found to be clean graphite
like sp2 sites. So, the bond-angle distributions ina-SiC films
clearly show that, during annealing, both the Si and C local
geometries are transformed in such a way that an enhance-
ment of the tetrahedral configurations in the amorphous net-
work is favored.

Let us now consider the atomic level stresses, which are a
measure of the rigidity of the network ofa-SiC films. It is

FIG. 6. Density NsZd of the 12-10-06 samples annealed at
600 K (solid line) and at 2500 K(dashed line) in the NPT ensemble
as a function of distance along thez-direction.

FIG. 7. Atomic configurations in thex-y plane of the(a) as-
deposited,(b) annealed at 2000 K, and(c) annealed at 2500 K 12-
10-06 samples in the NPT ensemble(notations similar to those
given in Fig. 1).

FIG. 8. Bond-angle distributionNsu) of the as-deposited(solid
line) and annealed at 1300 K(dotted line) and 2500 K(dashed line)
12-10-06 film in the NPT ensemble.
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well known that the local stresses are present in networks
with non-equivalent atoms and in any disordered structure.
In Fig. 9 we show the distributions of atomic stressesNssd
for the as-deposited and annealed 12-10-06 films. For the
sake of comparison, we also present the functionNssd for
the (001) 3C-SiC slab. The Si and C atoms in a 512-atom
crystalline bulk sample were found to be under compressive
and tensile stresses of about 8.7 GPa, respectively. In the
case of a 512-atom(001) slab, the surface Si and C atoms are
located closer to the bulk by approximately 5% and 0.3%,
respectively, as compared with the Si-C interlayer distance in
the corresponding bulk sample. These structural peculiarities
of the crystalline slab are reflected in the stress distributions.
The Si projectedNssd has one main peak at around
−8.1 GPa related to the bulk atoms and two minor peaks at
−23.5 GPa and −21.0 GPa associated with the surface and
undersurface Si atoms, respectively. The C functionNssd has
one main peak located at around 9.1 GPa that is related to
the atoms inside the slab, and one minor peak at approxi-
mately 4.5 GPa associated with the surface and undersurface
atoms. In the amorphous samples the functionsNssd are
widespread, indicating the presence of large internal local
stresses, compressive as well as tensile for both types of
atoms (cf. Fig. 9). The tails of the distributions originate
from atoms having severely strained bonds and angles, and
which are weakly bonded. Since the amorphous network of
Si atoms is more strongly distorted than the C network, the
distribution Nssd related to Si atoms is broader than the
analogous distribution for C atoms. However, despite the
widespread structure of the stress distributions, the main
peak of the Si functionNssd is located in a compressive
stress region(around −10 GPa), while two main peaks of the
C function Nssd observed around 4 GPa and 16 GPa are
located in the tensile stress region. Upon annealing the main
peaks in both stress distributions approach those observed in
the stress distributions of the crystalline slab. We found that
the average film stress varies from −1.8 to 2.2 GPa when
going from the as-deposited to annealed at the 2000 K
sample. The Si atoms belonging to the substrate in the as-
deposited sample give rise to one distinct peak inNssd
around −8.9 GPa(not shown in Fig. 9), which upon anneal-
ing at 2000 K becomes narrower and shifts to a new position
at −1.7 GPa. Therefore, sample annealing leads to a reduc-
tion of the compressive stress of the Si substrate and to a
modification of the nature of the average film stress from

compressive to tensile. The latter conclusion is confirmed
experimentally by the increase in the tensile stress of
PECVD a-SiC:H films deposited on crystalline silicon wa-
fers with an increase in annealing temperature from 600 to
900°C.60,61 Such a comparison is allowed, since in this tem-
perature region the films remain amorphous and practically
do not contain bonded hydrogen.61 Considering the fact that
3C-SiC can be epitaxially grown on a silicon substrate at
comparatively high deposition temperatures and that the in-
terface region contains dislocations2,62 together with our re-
sults, one can suppose that the tensile stress of the annealed
films is related to the mismatch betweenc-Si and 3C-SiC
lattices(about 20%), and to the difference in thermal expan-
sion coefficients(about 8%).

D. Electronic states and their localization

Typical layer-projected TB-DOS associated with atoms
located in the middle of the substrate, at the interface and in
the middle of the 12-10-06 sample are displayed in Fig. 10.
The spectra were calculated using the final atomic configu-
rations determined from EP-MD simulations. The substrate
DOS shows a distinct band gap around 0.0 eV[Fig. 10(a)].
Although the interface and film DOS exhibit a trend toward
band gap formation around 0.0 eV, a significant amount of
deep states are present in the band gap region[Figs. 10(b)
and 10(c)]. It is well known that gap states are caused by
coordination defects, strongly distortedT4 sites, and homo-
nuclear bonds.30,31 All these defects are present in both the
interface and the film regions. The interface DOS is sepa-
rated by the contributions from the substrate Si atoms[Fig.
10(b)], the film Si and C atoms[Fig. 10(c)]. It is seen from
Fig. 10 that the electronic spectrum(b) is closer to the bulk
DOS (a) than the Si projected partial DOS(c). It follows that
the Si film atoms are distributed at the interface more ran-
domly than the Si atoms belonging to the substrate. The
pseudoband gap around 0.0 eV becomes wider when going
from the interface to the middle of the film, and this can be
attributed to an increase in the number of C atoms in the
nearest neighbor shells surrounding the Si atoms. The band-
gap broadening is accompanied by the disappearance of the
peak around −1.0 eV in the C projected DOS. This peak is
assigned to Cspandsp2 states.23,24From this we deduce that
the number of abnormally coordinated C atoms in the inter-
face region is larger compared to that inside the film.

FIG. 9. Atomic stress distributionNssd of the
as-deposited(solid line) and annealed at 600 K
(dotted line) and 2000 K(dashed line) 12-10-06
sample in the NPT ensemble. Edge smearing of
the stress distribution of the 512-atom 3C
-SiCs001d slab was reduced to single out stress
localization.
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An important characteristic of the DOS is the extent of the
electronic localizationQsEd over the range of the electronic
spectrum. We see that, for the almost perfect electronic spec-
trum inside the substrate, electronic states are weakly local-
ized at the band edges[Fig. 10(a)]. In the case of the sub-
strate atoms at the interface, the strong electronic localization
takes place at the bottom and at the top of the band gap[Fig.
10(b)]. The states originated from the Si film atoms at the
interface are localized mostly at midgap and at the bottom of
the valence band[Fig. 10(c)]. The carbon atoms located in
the interface region give rise to strong electronic localization
at the bottom of the valence band, in the band gap, and at the
top of the valence band[Fig. 10(c)]. We found a similar
distribution of localized states for atoms located in the
middle of the film(not shown). It follows that, regardless of
the presence of a significant amount of gap states(that are

associated with the interface and middle film regions) in the
DOS, the film will exhibit semiconductor properties, since
these states are strongly localized(correspondingly, they will
not contribute to conductivity). On the other hand, they act
as traps for carriers. To improve the optoelectronic properties
of the films, deposition should be carried out from silicon
and carbon containing precursors in the presence of
hydrogen.1–9

As far as the semiconductor properties ofa-SiC films are
concerned, we note that, so far, the role of the surface atoms
in a-SiC films in generating gap states has not yet fully clari-
fied. By analogy with the hydrogen effect on dangling-bond
states one would expect that the surface singlefold coordi-
nated silicon or carbon atoms will be able to make the weak-
bond passivation and will not give rise to gap states. As was
mentioned above, the influence of other abnormally coordi-
nated sites on the electronic spectrum was thoroughly exam-
ined earlier.23,24,30,31Here, we present the results of the cal-
culations of the local DOS associated with the singlefold
coordinated Si and C atoms located on the outer film surface.
In Fig. 11 we report the local DOS of such atoms belonging
to as-depositeda-SiC films. It is seen that, in contrast with
the expected results, both types of atoms give rise to gap
states. The local DOS of the silicon atom in the Si-Cs3d
configuration and the carbon atom inC-Sis4d configuration
exhibit distinct deep levels at the top of the band gap. Gap
states having the C-origin are more localized than those
caused by the Si atom in the single fold coordinated configu-
ration. A similar situation is observed forT3 atoms (not
shown). We expect that such circumstance is responsible for
the single EPR signal with ag value of 2.0028 associated
with the abnormally coordinated C atoms detected by Tabbal
et al. in a-SiC films.16,17

As was mentioned above, an increase in the Si-C hetero-
nuclear bond density and some local ordering caused by an-
nealing lead to an improvement of the optoelectronic prop-
erties, and to a widening of the band gap ina-SiC
films.16,17,54The observed variations of the electronic spectra
of as-depositeda-SiC films under annealing shown in Fig. 12
are consistent with this tendency. Upon annealing, the dip in

FIG. 10. Local layer-projected DOSNsE,Rd associated with(a)
the middle of the substrate—NsEd obtained using a 1289(solid line)
and 5156(dashed line)—atom cell;(b and c) the interface, and(d)
the middle of the as-deposited 12-10-06 film: Si-projected DOS
(solid line), C-projected DOS(dashed line) and total DOS(dotted
line). R is the distance relative to the bottom of the substrate(see
Fig. 2). Mean-square charge distributionQsEd related to the(a)
substrate DOS, and(b and c) and the interface DOS. The Fermi
energy is located around 0.170 eV.

FIG. 11. Local DOSNsEd associated with singlefold coordi-
nated Si and C atoms located on the outer surface of the as-
deposited samples.
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the band gap region becomes deeper, and this is attributed to
an improvement of the amorphous tetrahedral network. The
band gap in the silicon projected DOS is formed in a narrow
region around 0.0 eV, mostly due to a reduction of the Si
dangling and homonuclear bonds. A change of the atomic
configurations around the C atoms during annealing leads to
the formation of a band gap in a wide energetic range. The
peak around −1.0 eV in the carbon projected DOS, associ-
ated withsp- and sp2-configurations, is reduced during an-
nealing. Here, it should be noted that, in contrast to first-
principles procedures, the Tersoff potential tends to
overestimate a number ofT3 atoms located at the sample
surface.63 So one can expect that our approach provides more
gap states than first-principles methods.

IV. CONCLUSIONS

We have investigated the atomic and electronic structures
and growth kinetics ofa-SiC films. For this purpose a depo-
sition scheme based on empirical molecular dynamics simu-
lations was suggested. A set of films was generated by con-
densing the SiC vapor on a(001) silicon substrate as a
function of vapor temperature, normally applied particle
forces, and substrate temperatures. The as-deposited films
were further annealed. The films exhibit pair correlations that
are similar to those for bulka-SiC. We find that an increase
in vapor temperature and applied forces leads to an increase
in the deposition rate, film cohesion, and the improvement of
the amorphous network. An increase in substrate temperature
slows down the deposition and enhances film adhesion.
Sample annealing enhances the film adhesion, and improves
the tetrahedral network and, to a lesser extent, chemical or-
dering, by reducing the number of Si-Si homonuclear bonds.
The compressive stress of the silicon substrate is signifi-
cantly reduced upon annealing, and the average film stress
changes from compressive to tensile. The local densities of
electronic states related to the interface atoms and to the film
atoms exhibit a tendency towards band-gap formation. The
localization of the electronic states is highest in the band-gap
region and at the band edges. Upon annealing the semicon-
ductor dip increases, and this is mostly attributed to a reduc-
tion in Si-Si homonuclear and Csp- andsp2-configurations.
The comparison between the computed characteristics and
the analogous theoretical and experimental findings for bulk
and filma-SiC anda-SiC:H samples validates our approach.
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