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Tight-binding molecular-dynamics simulations of amorphous silicon carbides
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Atomic and electronic structures of amorphous tetrahedral silicon casb®8I€ are analyzed on the basis of
molecular dynamics simulations performed in the framework §p%* tight-binding force model. Tha-SiC
samples are generated from dilute vapors and melts. The topology and the local chemical order of the resulting
amorphous networks are very sensitive to the initial high-temperature structures. The simulations are used to
investigate the electronic distribution in the band gap region and the changes in the density of states caused by
the presence of homo-polar bonds, coordination defects, and strongly distorted tetrahedral species. For com-
pleteness the results obtained &8iC are compared with those from various semiempirical schemes and from
ab initio pseudopotential calculations.
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[. INTRODUCTION DOS during the MD simulations. Here, we have to stress that
a sp® scheme is not able to describe the indirect band gap
In contrast to amorphous silicon and carbon that werecorrectly[associated with the transitions frofijs to A; and
extensively studied by different methoti€, theoretical from I',5 to X; (Ref. 18 in ¢-Si and in 3C-Si¢. However,
works devoted to the investigation of amorphous silicon carthe introduction of the additional s* state in th@’s* TB
bide (a-SiC) are rather sparse. Previous studies on conscheme makes it possible to reproduce the BG in accordance
densed-SiC are based on two different approaches, namelywith experiment. In addition, in contrast to the PA-MD
ab initio molecular dynamic§MD) simulations within the scheme that depends on plane-wave expansion of the elec-
pseudopotential approa¢RA) (Refs. 5—7 and Monte Carlo  tronicwave functions;*~"the TB calculations only require a
(MC) simulations based on the empirical potentigP) of  few atomic orbitals centered on each atom, and therefore this
Tersoff3~1% The density of stateéDOS) was computed for latter approach is suitable for carrying out simulations for
small size systems using the PA within the local density aplarge size samples and over a long time. In addition, in the
proximation (LDA) for exchange-correlation potential that TB-MD approach, the electronic degrees of freedom do not
describes the electron-electron interaction. The resultingnter explicitly in the MD simulations, and therefore the
DOS does not show a distinct semiconducting band gajproblem of heating the electronic subsystem encountered in
(BG), though the DOS of a 54-atom sampleas a distinct the PA-MD scheme is avoided. The additional parameters of
pseudogap that suggests the tendency towards gap formatidhe repulsion contribution to the energy in the TB scheme
Although both methods allow an accurate determination ofvere determined from pseudopotential calculations. The
the atomic distribution ira-SiC the electronic DOS deter- atomic distribution and the influence of threefold coordinated
mined from theab initio approach is computed incorrectly, (T3), fivefold coordinated Ts), and strongly distorted four-
since the LDA is known to underestimate B&or compari-  fold coordinated T,) atoms on the electronic structure of
son, the width of the BGEg) for the diamondlike structure a-SiC were studied in the framework ef®s* TB-MD ap-
of SiC (3C-SiC, also nameg-SiC) ranges from 1.24 to 1.27 proach. Several MD calculations were carried out under dif-
eV according to PA calculationd; ¥ much smaller than the ferent conditions to validate the possibilities afforded by this
experimental value of 2.39 e¥.The authors of Ref. 15 have approach. Thesp’s* TB-MD results are compared with
introduced an additional contribution to the exchange-those of other authors when available. The paper is organized
correlation potential in aad hocway to obtain a band gap as follows. In Sec. Il, the details of the computational
of 2.52 eV with the linear muffin-tin orbital(LMTO) scheme are presented. In Sec. lll, we report the results that
method. We have shown in previous studfé$that the gap pertain to both the structural and the electronic properties of
problem could be partially overcome by carrying out banda-SiC with comparison to previously published data. Finally,
structure calculations for the atomic structureag®iC gen-  results are briefly summarized in Sec. IV.
erated by EP-MD simulations. However, regardless of the
gﬁiciepcy_of thes.p“”s* tight—bi.nding (TB) method useq in Il. COMPUTATIONAL ASPECTS
investigating the final DOS, this approach lacked consistency
since the electronic subsystem was not involved in the MD In this work, MD simulations based on thsps* tight-
simulations. Therefore, in this paper we consider both thdinding orthogonal interpolation schetflavas employed to
atomic and electronic subsystemsae$iC by using a proce- reproduce with great accuracy both the atomic distribution
dure capable of providing the appropriate atomic distributiorand the electronic structure @fSiC. In our variant of the
and of describing the electronic states in the BG regiorifB-MD scheme, a pairwise potential that accounts for the
within the same electronic structure approach. $pts* TB ion-ion repulsive interactions and the correction to the
orthogonal interpolation scheffawas used to calculate the double counting of the electron-electron interactions is con-
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TABLE |. Tight-binding parameterseV), cutoff distancesR,
(A), bond lengtr, (A), and potential parameters, see Eq, U,
U, (eV) andrp (A) used in the present work.
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compound. Simulations were performed for a cubic cell by
quenching from the melt or by homogeneously condensing
the vapor(the latter starting state will be referred to\dsn

the following). In the first procedure, to generate a liquid

Si Sic c configuration of SiC, the diamondlikéD) or rock-salt(B)
Si c structures were heated for 2 ps at 4000 K. Along with
E, 4322 3641 8.441 8441 1B-MD we havz_a performed MD simulations ba;ed on the
E 1328 3359 0.959 0.459 empirical pqtentlal of Tersoff with a carbon pc_)tent|al defined
R from graphite(EP-64 K samplg’ and from diamondEP-
E¥ 13.583 14.059 15.059 14.997 28 - .
RS 2529 9.9 22 19 64T samplg® in WhICh case the melts were prepared at
0 - : ' : 8000 K from the diamondlike structutIn the second pro-
e -1.897 -2.714 -3.758 cedure, our starting state is the dilute vapor phase. The initial
Spo -2.125 -3.429 -3.340 4898 pic cell has a lattice parameter that is 1.5 times larger than
Ppo 2.632 4.623 5.809 the one of the 3C-SiC crystal and contains randomly distrib-
ppm -0.818 -1.135 -L.775  yted atoms far apart from each other. The cells are allowed to
ss'o -0.122 0.000 0.000 0511 slowly shrink under applied pressure at 2000 K during about
s*po -2.970 2.779 4646  -3.063 2 ps. To reach full equilibrium the high-temperature struc-
lo 2.340 1.890 1.890 1.564  tures were slowly quenched with an average cooling rate of
Uy 24513 4.6549 7.0048  1-—5x10" K/s down to 300 K. The EP-based samples were
U, 0.9670 1.2159 2.3243  cooled more slowly withr .o,~10" 13 s, using a time step h
o 0.3156 0.3038 0.2937  0f 0.8x10 !¢ s. In the TB-MD simulations we have consid-

sidered, and takes the following forth:

—To o
= )+u2r, &

V(r)=U1exp( .

wherer is the distance between neighboring atomsis its
equlibrium counterpart in the ZnS phase, dngd, U,, and

ered differenth values depending on sample sizes. For the
54- and 64-atom sampleb~5x10 s, whereas for the
129 and 216 atom samplds;~10 '*s. Despite the use of
comparable large time steps the MD process was stable, i.e.,
the potential energy variations did not exceed 5-10 meV/
atom. Thea-SiC samples generated according to these two
procedures were then averaged for about 2 ps to achieve
thermal equilibrium. The thermal equilibration was carried
out without any further relaxation.

rp are the parameters defined for Si-Si, Si-C, and C-C pairs. The DOS ofa-SiC required for TB-MD simulations was

The potential parameters introduced in Et). are deter-
mined from total energy calculations carried out 6i,

computed at the center of the BZ, and the final DOS was
constructed by using the eigenvalues at 165 andét Bbints

¢c-C, and 3C-SiC in the rock-salt and diamondlike structure®f the irreducible wedge of the BZ when simulating the

using a first-principles PA method. Tl initio calculations

small- and large-size samples, respectively. An analysis of

are based on norm-conserving pseudopotentials construct&ae local DOS was carried out in the framework of the re-
according to the scheme of Hamafrand represented in the cursion technique first introduced by Haydock, Heine, and

fully separable fornf! The Brillouin zone(BZ) integration

Kelly,?® and Nex® The initial MD-cell was duplicated ac-

over thek points is replaced by a discrete sum over a set ofording to the periodic boundary conditions selected during
10 special k points according to the Monkhorst-Pack the simulations to generate a large cluster of 4096 atoms. The
schemé? The cutoff energy for the Kohn-Sham plane-wave|oca| DOS of variousa-SiC systems were obtained using the
basis set is taken at 35 Ry, and the exchange-correlation effcursion coefficients of 54 levels of continued fraction that

ergy is expressed within the local density approximafit#f.
The parameters of thep®s*-TB scheme for 3C-SiC¢-Si,

describe the single-electron Green function. The partial DOS
N, (E) per siten and per orbital\ is related to the single-

andc-C were carefully determined and discussed in an earelectron Green functio®,, (z) by
lier study®!’ Therefore, here we only note that our scheme

gives BG of 1.17, 2.40, and 5.50 eV forSi, 3C-SiC, and

1
c-C, respectively, which are close to their experimental coun- N (E)=——Im lim G,,(E+i7n), 2
terparts. The distance-dependence of the two-center hopping T o0t

parameters was chosen according to the Harrisor’rdlae

parameters of thep’s*-TB scheme and of the pairwise re- with the following continued fraction expansion for the par-

pulsive potential given in Eq) are presented in Table I.

tial Green function:

The MD simulations were carried out at constant volume
(for the exception of the simulation of a dilute vapor phase,

where a cell volume was varigdand the equations of mo- bim

tion were solved with a standard velocity-Verlet algoritffin. Gn\(2)= b2 ' G
Periodic boundary conditions were applied to a stoichio- Z—agn— 2 5

metric supercell of 54, 64, 128, or 216 atoms with an atomic 7—a, b3

density that was equal to the one of the 3C-SiC crystalline 2m 7
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Pair Correlation Function (Arbitrary units)

III. RESULTS AND DISCUSSION

(a) Total

A. Structural properties

In Fig. 1, we show the total and partial pair-correlation
functions (PCF’9 of a-SiC samples prepared from different

precursors and under various conditions of MD simulations.

The characteristics of the samples are given in Table II. From
these results one can single out one characteristic feature: all

the PCF curves are similar. They only differ in the relative
magnitude of the peaks associated with the distribution of
nearest neighbor Si-Si, Si-C, and C-C pairs. The main peak
positions are centered around the mean values of 0.235
+0.003 nm, 0.1820.004 nm, and 0.1560.002 nm, asso-

ciated with the Si-Si, Si-C, and C-C pairs, respectively. By
) ¢-C inspection of Fig. 1 and Table I, we deduce that the final
amorphous structure depends on the precursor and, to a
lesser extent, on sample size. It is clearly seen that the cool-
..... e ing of the melts leads to more chemically ordered structures

2 —— t'l e o (the structure with the maximal number of Si-C bontsn
R (10"nm) the quenching of dilute vapors.
Given the number of homopolar bonds in our samples, we

FIG. 1. Total(a) and partial(b)—(d) pair correlation functions deduce that the 128 atom samples are chemically disordered,
(PCB of a-SiC. (a) TB-216B (solid ling), TB-64B (dashed ling as was found for the 54 atom sample by Finocehal®
and TB-128V1 (dotted ling; (b)—(d) TB-216B (solid ling) and  Other samples demonstrate moderate chemical order, which
PA-54 (dotted line. close to the findings of the authd¥s’ An imperfection in the

amorphous network, which is characterized by the extent of

and the coefficients of the continued fractifa, ,bf)m} a deviation from the ideal tetrahedral coordination, is less
are calculated according to the Lanczos algorithm that consensitive to the precursor and to the cluster size. However,
stitutes the basis of the recursion technique. In the presettihe alloys obtained at the slower cooling rates are more per-
study, the maximum numb¢b4) of coefficients was selected fect compared with the rapidly quenched samples. The situ-
to guarantee the convergence of the DOS for the periodiation is partially clarified by inspection of the PCF of two

SiC compound. high-temperature structures from which the amorphous

TABLE II. Structural parameters 0&-SiC samples obtained by different authoR; is the cut-off
distance of the Si-Si interactiorisince the Si-Si PCF has not the distinct dip restricting the nearest neighbor
correlations, in our calculations this distance was chosen to maximize the nag)bdn our calculations
Rc.c andRg.c were equal to 0.19 and 0.22 nm, respectivelyis the percentage @ffold coordinated atoms;

N; is the average coordination number of spediedl;_; is the percentage afj bonds in the sample.
Abbreviation in the sample notation should read as follows: method number of atoms in a cluster-high-
temperature precursoB( rock salt,D: diamondlike,V: dilute vapoj. TheV2 sample was cooled two times
slower than the/1 sample.

Sample Res; N3 Ny Ns Ne Ns; Nc Nsisi Nsic Nc.c
(nm) (%) (%) % (%) (%) (%) (%)
TB-54v 0.252 9.3 83.3 55 1.9 4.04 3.96 18.5 63.8 17.7
TB-64V 0.246 125 79.7 6.3 15 4.00 3.94 20.5 59.8 19.7
TB-64B 0.255 125 75.0 12.5 0.0 4.03 4.00 12.5 75.8 11.7

TB-128V1 0.247 11.7 82.0 6.3 0.0 3.94 3.95 254 49.2 254
TB-128v2 0.248 6.3 84.4 9.3 0.0 4.09 3.97 24.0 53.5 22.5

TB-216D 0.260 9.3 86.1 4.6 0.0 3.96 3.94 2.8 94.6 2.6
TB-2168 0.254 5.6 85.2 8.8 0.4 4.10 3.98 20.9 60.3 18.8
EP-6K 0.260 48.4 46.9 4.7 0.0 3.94 3.19 20.8 50.9 19.3
EP-64T 0.255 7.8 76.6 15.6 0.0 4.22 3.94 20.7 62.4 16.9
PA-542 0.250 17 7 6 0 3.93 3.85 23 53 24
PA-16° N/A 0 100 0 0 4.00 4.00 7-16 68-84 7-16

8Reference 5.
bReference 6.

195201-3



IVASHCHENKO et al. PHYSICAL REVIEW B 66, 195201 (2002

high-temperature structure, the Si-C correlations show up
more clearly. Hence, the amorphous nature of the resulting
network generated from the melt will be better achieved.
For comparison, we also present in Fig$b)+1(d) the o
local PCF of the PA-54 sample generated using the first- e
principle pseudopotential approathit is seen that the 30 60 90 120
atomic distribution of the TB-216B sample, which is typical © (Degrees)
for all our samples, is very similar to that of the PA-54 alloy.
However, nonceab_le d|ffe.rences.eX|st in the region of .the“ne) and TB-218 (dashed ling samples(a), (8 of Si (dotted
second nearest neighbor interactions. In our samples this rﬁﬁe), C (dashed ling and SitC (solid line) in a-SiC obtained by

gion is more diffuse than in the PA-54 sample. In addition, sing TB-MD [TB-128V1 sample(b)] and the EP-MD[EP-64 K
the main peak of C-C correlations for our sample is shiftecﬁample(c)]_

toward larger distances compared to the analogous peak for

the PA-54 sample, and this can be attributed to the largegaon, which was determined from the data pertaining to
equilibrium lattice parameter for diamond used in our ap'graphite?7 We note that the characteristics of the ER64
proach(0.1564 nm compared with the value of 0.1540 NMgy 16 presented in Table 11 are very close to those of the
obtallned experimentally Table Il also shpws some charac- 216-atom sample generated by the MC simulatforw-
teristics of the amorphous samples obtained by othe_r authorgver, the latter sample is more perfect than ER-®écause
Based on these results we note that our samples differ frorBf the use of different computational schemes. MC simula-
the PA-54 alloy by a smaller content .@ atoms and_from tions usually generate less defective structures than MD
the EP-_GZI' by a more homogeneous dlstn_bunon of_ Si atoms'simulations%’m although one would anticipate that MD simu-
Otherwise, all the samples have very similar atomic-Structurgyjiong closely mimic the experimental procedures that are
char:?\cterlstlcs except for the EPKodample that will be oo 1o prepare amorphous materials.

considered below.

In Fig. 3 the bond-angle distributionng #) for four amor-
phous alloys are displayed. The tetrahedral character of the
amorphous network is confirmed by the funct@(¥) in the The total densities of states associated with various
two upper panel. Figure(8 demonstrates that regardless of samples are shown in Fig. 4. By simple inspection of the
almost the same number of coordination defects in the TBdistributions of electronic states @&SiC alloys it is easy to
216D and TB-216B samples their band-angle distributionshow that the DOS in the ionicity gajiG) region (at about
differs, mostly due to the difference in the number of ho--11 eV) and the semiconducting gaiBG) region (in the
mopolar bondgTable Il). The latter promotes the increase of range -1.2 to+1.2 eV) is very sensitive to the structural
strongly distorted sites which leads to broadeng{g@). In properties of the amorphous network. First of all, it is clearly
Fig. 3(b) the main structure is located around 107.8°. Theseen that both the IG and BG contain deep levels associated
shoulder around 120°-130° can be attributedrtosilicon  with coordination defects and with distortions in the tetrahe-
and carbon atoms. The distribution for Si is broader than thelrally coordinated sites. The DOS of the chemically random
one for C, and this indicates that the Si atoms are distributednd relaxed 3C-SiC crystal points out that the presence of
more randomly than the C atoms. The functipfv) of the  homo-polar bonds modifies the spectrum in the IG region
EP-6&K sample exhibits the graphitelike character of theand leads to a smearing of the fine structure of the valence
a-SiC network with the main peak around 120°. For thisand conduction bands. The IG is absent in the chemically
sample, both the silicon and carbon atoms exhibit mostly thelisordered SiC crystalwith about 50% of homopolar
sp? bonding character. Apparently, the latter observation igonds. Thus, the peaks at 14 and—10 eV, and the low
explained by the specificity of the empirical potential for densities of states at 11 and—7 eV become more distinct

£ ',‘.
£ .
2 =
< o
& 2
A 1 ) ) ) 1 ) ) ) <
2 4 6 =
R (10" nm) S
. . . . < [
FIG. 2. Pair correlation functiotPCBH of the condensed dilute ~ |l
vapor at 2000 Kdashed lingand of the melt of SiC in the rock-salt _8 L
structure at 4000 Ksolid line). 2 [
O
samples were obtained. The atomic distributions in the melt £ .
prepared by melting SiC in the rock-salt structure and by = ' ' ==
condensing a dilute SiC vapor at 2000 K are shown in Fig. 2. K]
One can see that, in the liquid, in contrast to the condensed = (c)
<
<
g
=]
M

150 180

FIG. 3. Bond-angle distributiong(6) in the TB-21® (solid

B. Electronic structure properties
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TB-128V1

Disordered 3C-SiC ---- -

M
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[ TB-216B

DOS (Arbitrary Units)

DOS (Arbitrary units)

E (eV)

220 15 10 5 0 5 10 FIG. 5. Local densities of statd®OS) of silicon and carbon
E (eV) atoms located in different local environments, as obtained by the

] ) recursion technique. The Fermi energy corresponds to the zero of
FIG. 4. Eigenvalues-based total density of sta®S) of sev-  gpergy.

eral simulateda-SiC. The Fermi energy corresponds to the zero of

energy. . . . .
the atoms positioned in different local environments. The

with a decrease in the number of homopolar bonds. Correglectronic spectra computed by the recursion technique are
spondingly, these features in the electronic spectrum o$hown in Fig. 5. Because of the finite number of computed
a-SiC can be considered as the indicator of chemical ordetevels of continued fraction the DOS has smooth band edges
Homopolar bonds widen the dip in the BG region whereas, agompared with the eigenvalue-based DB addition, al-

the same time, the bandgap width remains unchanged. ThiBough the application of the recursion technique can lead to
result is consistent with the data obtained for single antisitépurious peaks in the DOS, especially at the band edges of
defects in 3C-SiC by the LMTO methdd.Taking into ac-  the electronic spectrum and for small size samples, it pro-
count these findings and the DOS of #@&iC samples with  vides the correct positions in energy of the resonance and
various degrees of chemical order, we conclude that the scagap levels in the local DO¥:*° The analysis of the local
tering in the BG width is mostly caused by coordination DOS makes it possible to single out the contribution to gap
defects and by the magnitude of the deformation in the tetstates from various atomic configurations. The dangling-
rahedral configurations. On the other hand, it is the extent opond states of 3 carbon atoms contribute to the VB tail and
topological order that determines the shape of the DOS into the midgap, in contrast to the analogous silicon states that
side the BG. Here we note that this conclusion contradict§orm both in the VB and CB tails. The distribution of gap
the findings of Ref. 6. Indeed, in this study the authors constates related to th&s carbon atoms resembles that Df
cluded that a strengthening of the dip in the BG region wasarbon atoms, which is consistent with the model of defect
associated with an increase in chemical order, whereas waiates ina-Si by Pantelide$® Floating-bond states of the Si-
attribute this same feature to an improvement in the amorCs and Si-GSi configurations are diffused in the band tails.
phous network of the generated samples, since homopold similar distribution of floating-bond states was detected in
bonds promote a creation of strongly distorted sitEwy. Ref. 34 fora-Si. The localized peak in the midgap region
3@]. around 0.4 eV originates frof silicon atoms in the €Si,

As far as the influence of defects on the DOS is con-surroundings. The gap states belonging toThesilicon and
cerned, particularly in the BG region, we singled out the setarbon atoms are scattered all over the BG region. These
of gap levels that are located in the valence bévil) tail  findings show that the position of the gap states is deter-
(around -1.2 eV, in the midgap region and in the conduction mined not only by coordination defects but also by the dis-
band (CB) tail (around+1.2 eV). To clarify the origin of tribution of homopolar bonds. This picture of the interatomic
these gap levels, we have calculated the local DOS related foteractions ina-SiC confirms the conclusions of the appli-
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cation of a band model that we considered in an earlieditions, however they all display 6 to 13 % of undercoordi-
work 81" However, the present findings are more reliablenated and overcoordinated sites. T&&iC network gener-
and consistent, since they are based on the results of MBted from the dilute vapors differs from the one obtained
simulations based on the same TB electronic model Hamilfrom the melt because of a significantly reduced number of
tonian. This is confirmed by the results of DOS obtained forheteropolar bonds in the vapor. The existence of ionicity-gap
a 64 atom sample. Although the TBB4ample has a denser states is mostly explained by the presence of homopolar
defect structure than the one of the EPF@loy, its DOS in  bonds. The abnormally coordinated atoms and the strongly
the BG region has the distinct broad dip in contrast to thelistorted tetrahedrally coordinated species give rise to addi-
DOS of the EP-6& sample, in which the BG is shown as a tional states in the semiconducting gap region. Carbon and
narrow minimum around 1 eV in Fig. 4. In the TB-MD silicon dangling-bond states are localized at the bottom of
scheme, peculiarities of the electronic structure of the genethe gap and at the band tails, respectively. Overcoordinated
ated samples are taken into account in the process of M@toms give rise to both localized and diffuse gap states. Fi-
simulations. In contrast, in EP-MD calculations, an amor-nally the presence of strongly distorted fourfold coordinated
phous network is formed according to a pair-potentialatoms gives rise to states in the entire energy window that
scheme of interatomic interactions in which the electroniccharacterizes the semiconducting band gap. This approach
structure(and in particular the gap stajedoes not play any will then be used to predict properties @fSiC that are ob-

role. served under various experimental conditions in bulk
samples as well as in thin films, and the results will be re-
IV. CONCLUSION ported in a forthcoming publication.

We have investigated the atomic and electronic structure
properties ofa-SiC using asp’s* TB-MD scheme. The
rather good agreement between the characteristics obtained This work was supported in part by STCU Contract No.
with the present method and wi#th initio MD validatesto a  1591. The work of P. T. was performed under the auspices of
great extent the efficiency and the accuracy of our approactJ. S. Department of Energy by the University of California
The amorphous samples studied in this work display varioutawrence Livermore National Laboratory under Contract
degrees of chemical order depending on the preparation comNo. W-7405-ENG-48.
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