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Empirical molecular dynamics simulations combined with a recursion procedure are applied to the study of
the atomic and electronic structures &fSiC 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 saamples of
-SiC generated from the melt. The main theoretical findinga-&iC films are in rather good agreement with
experimental evidences.
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I. INTRODUCTION temperature 3C-SiC meit:2225-31Both the TB 128-atom
unhydrogenated and hydrogenated samples were obtained
Recent progress made in chemical vapor depositiofirom the diluted Si-QRefs. 23 and 2¥and Si-C-Hvapors3®
(CVD), mainly plasma enhanced-CVIPECVD), of hydro- A different approach was used in Refs. 34-37 to genazate
genated amorphous silicon carbida-SiC:H) films holds  -SiC. The autho®-3"have employed empirical MD simula-
promise for producing semiconductor deviéesThe opto-  tions of displacement cascades under ion irradiation to study
electronic and microstructural properties of such films haveatomic arrangements ima-SiC. All the computational
been widely studied:® However, in recent years, there has schemes mentioned above give similar sample characteris-
been growing interest in preparing unhydrogenated amottics. The main difference lies in the evaluation of the extent
phous silicon carbide filmga-SiC) by using various tech- of the chemical ordering. The structures with low chemical
niques such as laser-ablation depositibAD), pulsed laser ordering were generated by using PA-MD and TB-MD
deposition, triode-sputtering deposition, rf, and dc magnetrosimulations?!?324 whereasa-SiC samples with compara-
sputtering, and arc depositidfr® Numerous studies have tively high chemical ordering were prepared by using tech-
also reported thaa-SiC layers can be produced under high- niques based on the empirical Tersoff potenife-25-31:34-37
energy particlegelectron, neutron, or iopdombardment of In contrast to the bulle-SiC that has been widely studied
crystalline silicon carbidé?2° This interest has been prima- with various theoretical and experimental procedures, no the-
rily motivated by the unique tribological properties of oretical investigation o&-SiC films grown on a silicon sub-
hydrogen-free films. Unhydrogenated amorphous SiC layerstrate was yet carried out.
were shown to exhibit mechanical properties that are supe- To fill this gap, we have generated a series of theoretical
rior to those of their hydrogenated counterparts. In particularsamples representing condense8iC thin films on a silicon
Khakaniet al1%'*and Croset all? have reported that LAD slab. For this purpose, an atom-by-atom deposition scheme
a-SiC has hardness and Young's modulus of aboubased on large-scale EP-MD simulations was proposed. Our
30-52 GPa and 242-400 GPa, respectively, almost twice apotivation was based on the following facts. For various
high as that of PECVIR-SiC:H. The abrasive wear resis- applicationsa-SiC (a-SiC:H) films are usually grown by
tance of arc-depositea-SiC coatings was found to be sev- vapor-growth or sputtering techniques, and it is rather diffi-
eral times higher than that of silicon waféfsSeveral ex- cult to prepare them from the liquid phase using rapid
perimental investigations also show that the properties anduenching. Besides, the samples generated from the liquid
growth kinetics ofa-SiC anda-SiC:H layers drastically de- phase do not contain voids, which are presera-BiC films
pend on the deposition technique and parameters. in large quantities. Therefore, instead of accounting for all
Hydrogen-free bulk silicon carbide was investigated theothe peculiarities of an experimental deposition, which is
retically in the framework of a first-principles pseudopoten-challenging, we tried to single out some of the main features
tial approach(PA)-molecular dynamic§MD) (Refs. 21 and of such a process. A series afSiC films were generated
22) and tight binding(TB)-MD simulations?®24In addition  from a diluted vapor by means of vapor condensation on a
empirical potential EP)-Monte Carlo(MC) simulations?>28  substrate of crystalline silicon under various deposition con-
EP-MD simulation§®2%-2%-3lwere used to study the atomic ditions. The selected controlled deposition parameters were:
configurations and chemical ordering. The atomic and elecvapor temperature, normally applied particle force, and sub-
tronic structures o&-SiC:H were investigated with the help strate temperature, and the growth kinetics was analyzed as a
of the PA-MD (Ref. 32 and TB-MD (Ref. 33 simulations.  function of these parameters. To investigate the effect of an-
Most a-SiC samples were generated by cooling the highnealing on film properties one of the as-deposited samples
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was annealed at various temperatures. The atomic and eleglied the Andersen constant pressure metfidthe cell size
tronic characteristics of the samples were thoroughly studiedn the z-direction was chosen so that the slab simulation con-
In addition, for comparison purpose, bulk and fimSiC  ditions were fulfilled. A mass for the external system that is
samples were generated by using a more traditional agequired for the simulatiod®was set equal to the mass of all
proach, i.e., by cooling the 3C-SiC melt. The simulated filmthe atoms. When applied to the bukSiC, the Andersen
characteristics are compared with those obtained experimescheme gives an equilibrium volume at 300 K that differs by
tally and theoretically on film and bullk-SiC samples when- only 0.1% from that obtained from the simulations under
ever possible. In the absence of published results, our findconstant bulk modulugB=2.2 Mbap. All the equilibrated
ings will be compared with those established 86iC:H  samples were relaxed for 5 ps. Atime step of 410 ®s is
films. used during all MD simulations. To evaluate the film cohe-
The paper is organized as follows: In Sec. Il we describesion we calculated the difference between the potential ener-
the peculiarities of the EP-MD simulations, and introduce thegies of the samples before and after shifting all the film at-
recursion procedure for computing the densities of stateems in thez-direction relatively to the substrate by 8.0 A.
(DOS). Section Ill is devoted to the results of the study of The distance of 8.0 A was sufficient to keep the substrate
the influence of the deposition parametévapor tempera- and the film atoms without interactions.
ture, applied force, and substrate tempergtorefilm char- Along with the calculations of the film structures using
acteristics. The results on film annealing and DOS investigathe depositionlike technique, we generated a bulk sample of
tions are also presented in this section. Finally, the maira-SiC by cooling the melt, obtained from ti%-SiC crystal
conclusions are given in Sec. IV. at 8000 K, down to 300 K with a cooling rate ef10'3 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
A sample consisting of 1344 atoms, i.e., 768 Si atoms#.28 A for ¢c-Si and 3C-SiC, respectively, which are rather
belonging to a substrate and 576 atoms with an equal numbetose to the experimental values of 5.43 and 4.36°AVe
of Si and C atoms belonging to SiC vapor in a 21.72considered a lattice parameter of 4.344 A for the 600-atom
X 21.72x 200.0 A rectangular cell is initially considered for bulk sample(a-600), as in the case of the as-deposited films.
MD simulations. The periodic boundary conditions along theAn amorphous bulk originated filrff-600) was generated by
x- andy-directions are taken into account. No periodic con-means of an equilibration of the bulk samygke600) with
dition is imposed to the cell in thedirection. The film con-  two-dimensional periodic boundary conditions during 30 ps
densation is carried out with EP-MD simulations, in the con-at 300 K. Thea-600 andf-600 structures were annealed at
stant number of particles-volume-temperatu@VT) 300 K and 2500 K in the NPT ensemble by using both the
ensemble, based on the Tersoff potential for §R&f. 27  Andersen and the bulk modulus approaches. Ttd) 3C
that does not take thep? C-C interaction into account. The -SiC slab was generated by equilibrating a bulk 512-atom
simulation cell contains a substrate representing the lowesample with two-dimensional periodic boundary conditions
(001) silicon slab having the4 X 4X6) a, configuration(a;  at 300 K during 30 ps in the Andersen NPT ensemble. All
is the lattice parameter @fSi), and an upper reservoir with the annealed samples under investigation were cooled down
the SiC diluted vapor. The vapor reservoir is thermostated teo 300 K with an average cooling rate ef10'3 K/s.
maintain the vapor at a specific temperature. It is displaced Atomic level stresses of annealedSiC films are evalu-
relatively to the substrate along teedirection by a distance ated by considering an atomic compressitension3°
that exceeds the film thickness. A normal force directed to-
wards the substrate is applied to each atom in the reservoir. o == dE; ~p (1)
The system is immovable due to the fixed lower substrate " dinv T
layer. The next six layers of the substrate are thermostated to . : . L
control the substrate temperature. The controlled depositiowhetr)e'zihIS the e_nerg3|/ of atormandV is th? voIgme.fDlwd—
parameters are: the vapor temperai{ig), the normally ap- Ing by t iatomllc_ volume(;, convfer;sm n units o pres-l
plied particle force(Fy), and the substrate temperatuie). islf[r%’pg The total intrinsic SthSﬁ 0 tt c system can bel ?alcu—
Each deposition is carried out during 18, 20, and 22 ps, an eq Dy summing Up; over ali aioms. or a competely

.Strain compensated system the total stress is zero. The aver-

after complete deposition a small amount of isolated atoms |§$e atomic volume of tha-SiC/c-Si systems was consid-

found. Such an approach allows us to evaluate the averagg, |y o< the average value betwe@nof ¢-Si and 3C-SiC
film condensation ratdilm growth ratg. Prior to deposition, structures '

the vapor and the substrate are equilibrated @tand Ts, The surface roughnesk,, of the annealed films is evalu-
respectively, for 5 ps. We have investigated the as—depositear&eol according 9 o

films, i.e., the films that were not equilibrated after the depo-
sition, and the relaxed samples that were equilibrated at tem- |Zi = Zad

peratures equal tds during 50 ps and further cooled down Ra:E_ N (2)

to 300 K and equilibrated for 5 ps. Also, one sample was '

annealed al,=600, 1300, 2000, and 2500 K using both the ExperimentallyN is the number of measured heights during
NVT and NPT (constant number of particles-pressure-atomic force microscopgAFM) scansZ; is a surface height,
temperaturgensembles. In the NPT ensemble, we have apand Z,,. is the average height within a certain area. Within

Il. COMPUTATIONAL APPROACH
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the simulation cell the surface heights are measured by usingith increasingFy, while an increase il leads to a de-
a 10x 10 uniform grid that corresponds to the conditions of crease in the film density. The changeTigdoes not appre-
the AFM measurements with a tip size equal to 2.2 A. ciably influence the average film density. For all the films, an
In our investigation, ap*s’ TB schemé! is used to cal- increase in the deposition parameters leads to an atomic re-
culate the DOS o&-SiC/c-Si samples. Analysis of the local distribution from the film surface towards the interface.
DOS is carried out with the recursion technique of Haydock, The comparison between the densitld€Z) of the as-
Heine, and Kelly> and Nex?® The initial cell is duplicated deposited and equilibrated samp{et Fig. 2) shows that the
according to the periodic boundary conditions to generate gubstrate thickness increases after equilibration, which leads
large cluster of~5200 atoms. The local DOS of amorphous to reducing the substrate density. In addition, in the relaxed
systems is obtained with 53 levels of continued fraction forsamples, the amorphous region at the top of the substrate is
the description of the one-electron Green function. Thisnarrower as compared to that in the as-deposited samples.
number of levels guarantees a convergence of the DOS fa¥rom these findings we deduce that the substrate in all the
the corresponding crystalline materidls’! The parameters as-deposited samples are under compressive stress. As it will
of thesp’s’” TB scheme for-Si, diamond, an@C-SiC were  pe shown below, the as-deposited films are also under com-
carefully determined in Refs. 30, 31, and 44. Therefore, weyressive stress. Correspondingly, the lattice relaxation caused
only note here that our scheme gives BGs of 1.17, 2.40, angy sample equilibration reduces the residual compressive
5.50 eV for Si,3C-SiC, and diamond, respectively, in close stress in both films and substrates.
agreement with the experimental values. The scaling of the In Fig. 3 we show the partial pair correlation functions
two-center hopping parameters with interatomic distance i$PCH in different film and bulka-SiC structures. The struc-
chosen according to the Harrison rdfe. tural characteristics of various SiC samples obtained from
Following Fedderset al,* to clarify the extent of the MD simulations in the NVT ensemble are presented in Table
localization of the electronic states, we define a “localized|. Note that, despite some differences in the structures, the
chargeq(n, E) associated with each eigenvalue with energypair correlations in all these systems are very similar. All
E and the atomic site centered on the atom nuntberhis  partial PCF exhibit a distinct peak associated with the nearest
charge is obtained from the eigenvectors of the TB matrixneighbor correlations. The main difference between the bulk
The quantityg(n,E) summed over all atoms should be equaland film PCF is found in a peak broadening. In the films
to unity, therefore it is not suitable for determining the local-these peaks are wider than in the bulk. The free surface that
ization of the electronic states at the eneEgyFor this rea-  gives rise to strongly distorted regions in the films raises the

son a mean-square charge is introddéed scattering in the first neighbor correlations. Besides, a finite
5 amount of voids in the as-deposited films is revealed, which
Q(E)=NX q(n,E)?, (3)  also promotes the broadening of the pair correlations. The

n

first Si-C peak in the EP bulk sample is higher than in the PA
where N is the number of atoms in the Samp|e_ Given asample. On the other hand, the C-C correlations in the latter
distribution Q(E), the localization of a certain state can be Sample are more localized than in the former sample. More-

evaluated by comparison with the initial charge distribution.OVer, the PA C-C peak is locatee0.04 A 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
Ill. RESULTS AND DISCUSSION graphitelike bonds than the PA sampleé Table ).

Information about the character of the atomic distribution
in different amorphous systems can be extracted from the
In Fig. 1 we show the atomic configurations of as-data presented in Table I. The number of fourfold coordi-

depositeda-SiC films. The series of the samples was genernated(T,) sites is comparable for all bulk samples, with the
ated depending on the preparation conditions. The followingxception of PA-16 and EP-10000 structures. For the first
deposition parameters were chos@ig=800, 1000, 1200, sample, a “quasiperfect” amorphous structure was generated.
1500, and 2000 KFy=0.05, 0.08, 0.10, 0.12, 0.15 nNs  The second structure was generated by using the Tersoff po-
=300, 600, 800, 1200, and 1500 K. The following abbrevia-tential for C-C interactions determined from graplifte.
tion for the as-deposited films is adopte@ig(X100 K)  Therefore, in thea-SiC samples obtained with involving
—-Fn(0.01 NN -Tg(X100 K). Hence, a 12-10-06 film is gen- such a potential, the carbonT; configuration is
erated aff;=1200 K,Fy=0.1 nN, andTs=600 K. One can predominant®>2622 From Table | one can see that the per-
note in Fig. 1 that the main effect of the increase in thecentage of Si-Si and Si-C bonds in all our samples are com-
deposition parameters on sample microstructure is displayephrable. However the 12-10-06 films have a larger number of
in the interface region. It is clearly seen that as the depositio€-C bonds than the-600 andf-600 samples. Therefore,
parameters increase, the upper substrate layers undergo when forminga-SiC structures, the carbon atoms form dia-
increased distortion that leads to the formation of an amormondlike or graphitelike bonds in the process of the atom-
phous region. The sample densities as functions of the didsy-atom deposition more efficiently than when cooling from
tance along thez-direction of the as-deposited and equili- the melt. The increase in the number of threefold coordinated
brated samples generated in the NVT ensemBI&), are  (T;) atoms in the sequenc@-600-(f-600-(12-10-06 is
given in Fig. 2. The results shown in Figs. 1 and 2 clearlycaused by the appearance of atoms located in the outer and
indicate that the density of the as-deposited film increasesgoid surfaces. This point will be discussed later.

A. Atomic configurations and pair correlations

115201-3



IVASHCHENKQO et al. PHYSICAL REVIEW B 70, 115201(2004

FIG. 1. Projections of atomic
arrangements on the-y plane
of as-depositeh-SiC films. For
each sample the notations refer
to Tg(X100 K)—Fyn(X1072 nN)
—Tg(X100 K). The full circles
correspond to the film S{large
and C(small) atoms. Only half of
the substrate atoms is shown
(open large circles

20-10-06 10-15-06 10-10-15

B. Film characteristics as a function of preparation conditions  the normally applied particle forc€&y. As for the correspon-
Average growth ratgrp), cohesion energyEc,), and dence between the theoretical and experimental deposition

number ofT, atoms(n,) of the as-deposited and annealed atParameters it should be noted that, for the short simulation
T=Tgfilms are shown in Fig. 4 as functions of the depositiont'me’ the Tersoff potential overestimates the melting tem-

arameters. Let us analyze the influence of these arameteorerature of crystalline Si and 3C-S¥€*" These values are
P S y . >S€ PAraMmeter™ 500 K and~4000 K, respectively, which are about one
on the properties of the theoretical and experimental films

X . and a half times higher than the experimental ones of
To compare our results with the analogous experimental data 1800 K and~2900 K, respectively:225-2747Allowing for

we have to find a correspondence between the simulated angis shortcoming of the Tersoff potential, we will analyze
experimental deposition parameters. It is difficult to find he|ow the temperature effects on the samples by comparison.
without ambiguity the experimental counterparts of the Figure 4 shows that the increaseTig andFy accelerates
model parameter§g andFy. However, qualitatively, the gas the film growth process, and inversely, the increaseTof
chamber pressur€P;) in CVD or the filament temperature sjows it down. The influence of normally applied forces on
(T¢) in hot wire-CVD can be brought in correspondence withdeposition rate is appreciably stronger in comparison with
the vapor temperatur€Tg) defined in our model. We can other deposition regimes. The effect of substrate temperature
assume that the negative substrate lfldg that generates at modest values dfg andFy on the atomic configuration of
the attractive particle force in plasma-CVD corresponds tahe films is to increase the dissipation of the outer atoms,
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FIG. 2. DensitieN(Z) of the as-deposite¢solid line) and 600 K annealed samples in the NVT enseniéshed lingas functions of

distance along the-direction. The substrate extends up+@2 A.

which leads to a decrease in the density in the perturbednd a-SiC:H films, andT; for HW-CVD a-SiC:H films?8
region(cf. Fig. 2. Such atomic heat dissipation is enhancedConsequently, for the accepted rangeFaf and T values,
with substrate temperature and prevents film growth. As ave find that etching is dominated by deposition.

result,ry decreases &ks increases. This finding is consistent
with accepted film growth mechanisrh&*An increase in

The adhesion of both the as-deposited and annealed films
to the silicon substratéreflected in the cohesioBcyy) is

Fn andTg leads to an accelerated deposition process, regar@nhanced as all the deposition parameters increaséig.
less of the enhancement of etching reactions, which is cord). For the as-deposited layers, the influence of normal ap-

sistent with a rise ofrp with an increase ofP. for rf
sputtered* and photo-CVDP, Uy for PECVD (Ref. 8 a-SiC

Pair correlation function (Arbitrary units)

RA)

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 fiighFy, 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, LAD
-SiC }0.11.13.153nd PECVDa-SiC:H (Ref. 49 films with an
increase inTg and T,. In particular, in the latter cag® 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 t€stsave shown that
the scratch failure occurs in the silicon substrate and not at
the interface for the high temperature P\&SIC coatings
deposited on silicon wafers.

Finally, deviations of the amorphous network from the

FIG. 3. Partial pair correlation functions of the as-depositedideal tetrahedral structure can be evaluated by counting the

12-10-06 film(solid line), the 54-atom PA sampl@ef. 21) (dotted
line), and thea-600 samplgdashed ling All the PCF are normal-

ized to unity aroundR=6 A.

numbern, in the a-SiC film. The largem, is, the smaller the
differences between both structures are. It is well known
that the deviation from tetrahedral coordination related to
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TABLE |. Structural parameters ai-SiC bulk and film samples obtained from MD simulations in the
NVT ensembleRyg; is the cut-off distance of the Si-Si interactions. In our calculatiBas and Rg;.c are
equal to 1.9 and 2.2 A, respectively; is the fraction ofi-fold coordinated atomdy; is the average coordi-
nation number of a speciésandN; is the fraction ofi-j bonds in the samples.

Sample Rsi(A) ng(%) ny(%) ns(%) ng(%) Nsi Nc  Nsisi(%) Nsic(%) Nec (%)

PA-54 2.52 17 1 6 0.0 393 385 23.0 55.0 24.0
PA-16° N/A 0 100 0 0.0 4.00 4.00 7-16 84—-68 7-16
EP-512 2.56 N/A N/A N/A N/A 439 3.70 29.2 53.5 17.3
EP-10000  N/A 49.8 45.6 4.6 00 4.01 3.08 26.1 53.2 20.7
TB-128& 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 15 415 3.99 18.3 65.4 16.3
2.60 15 67.7 24.0 6.5 472 3.99 23.6 61.2 15.2
f-600 2.55 19.7 61.2 13.2 23 403 3.78 19.6 64.0 16.4
2.60 16.5 58.3 18.7 47 440 3.78 231 61.2 15.7
12-10-06 2.60 27.6 55.7 8.3 1.0 3.74 355 20.1 58.3 216
12-10-06 2.60 23.4 62.2 8.3 06 3.78 3.69 18.3 61.1 21.6

854- and 16-atom samples are generated by cooling a SiC melawithitio PA (Refs. 21 and 2R

b54- and 16-atom samples are generated by cooling a SiC meltawithitio PA (Refs. 21 and 22

¢512-atom sample is generated by cooling the SiC melt with a modified Tersoff potéial29.

d65000-atom sample is generated by using the fee volume MC method combined with the Tersoff potential
(10000 atoms were selected for analyziggef. 28.

€128-atom sample is generated from the SiC vapor with a TB sch@ret. 23.

f521-atom as-deposited and annealed at 2000 K films, respectively.

9521-atom as-deposited and annealed at 2000 K films, respectively.

various coordination defects leads to a deterioration of optoan increase im,. Note that an increase in the substrate tem-
electronic properties and to a decrease in phase stability. Figperature can have a positive effect, i.e., can lead to improve-
ure 4 shows that the number @f atoms steadily increases ment of the amorphous structure provided that the as-
with an increase iifry. The variation o, with T; andTgof  deposited films are further equilibrated. Along with the
the as-deposited films has a maximum. Correspondingly, thimcrease in the number &f, atoms, chemical ordering and
high-quality as-deposited films can be prepared at relativelglistortions of the tetrahedral configuration are often consid-
low temperature and highy. In all cases, annealing leads to ered as indicators of network qualf$:2”-2°-3%n the a-SiC

8 WoE o lE
[ o E F
26 :— ././ :‘ / ':‘.\.\._.
B uf = S :
22F - -
0,08 _— _ FIG. 4. Average growth ratérp), cohesion
r i \0 o energy per atom{Ecp), and average number of
0,10 9 —g__ C O O four-fold coordinated atoms(n,) of the as-
% [ "“o\ [ \\3 r 0 ® deposited and 600 K annealed filnlNVT en-
T 02p Nl [ \. - sembleg as functions of vapor temperatuf€g),
M r \‘o + —@— Unrelaxed ol \o\ normal force (Fy), and substrate temperature
0,14 - [ ~"O--Relaxed - o (T9). The horizontal line in the cohesion energy
P —————— R plot corresponds to the energy needed for sepa-
F F o---0 . .
56 F F L rating the substrate into two equal parts along the
- : B E o7 z-direction.
S o F o e
& ML ,07. :_g’/O \.
“r S . 3
a0 . :
SN T I 5. N R R B S S S
1000 1500 2000 0,04 0,08 0,12 0,16 500 1000 1500
T, (K) F, (aN) T, (K)
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TABLE Il. Percentage ofT3(ng), T4(ny) atoms and-j bond (N;;), cohesion energy per atolEc,y),
surface roughned®,), and dimensiom, =a, of the simulation cell of the as-deposited and annealed 12-10-6
samples generated in the NVT and PVT ensembles.

Annealing n3 ng Nsisi  Nsic  Necc Econ Ra ay
temperature Ensemble (%) (%) (%) (%) (%) (eV) (A) (A)

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 20.0 594 20.6 -0.122 2.49 21.394
2000 K NVT 234 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 194 64.3 18.1 61.8 20.1 -0.164 1.99 21.403

films chemical ordering is found to be weakly sensitive to  Although we did not find any direct information on an
the selected preparation conditions. The percentage dffect of annealing on cohesion propertiesaebiC films, we
hetero-nuclear bonds averages 59+2%. A number of heterdelieve that such information deduced from our theoretical
nuclear bonds slightly increase upon equilibrating, on averexperiment will be useful when interpreting the tribological
age, by 1-2%. The increaserip and heteronuclear bonding properties of coatings based @SiC as was discussed
with an increase ifTg is consistent witha-SiC getting more  above. As seen from Table Il, the cohesionae®iC film to
similar to the crystal-like tetrahedral structdr&®-56at high  silicon substrate rises with an increase in the annealing tem-
deposition temperature. For LAB SIC films, asTgis raised, perature. To understand this cohesion enhancement, one can
the optical BG increases along with a reduction in the denanalyze the density profile of the annealed samples along the
sity of paramagnetic defect$;?"2-3which points to a de- z-direction, as shown in Fig. 6. We will assume that an in-
crease in the number of abnormally coordinated sites. crease in film cohesion witl, 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-

C. Structural relaxation under annealing ing the number of the carbon atoms and Si-C bonds at the
interface. As a result, the substrate-film cohesion becomes

To clarify the nature of the structural transformationain  gyronger than the energy needed for separating the substrate
-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 Il contains the structures

E
parameters of the annealed samples. Without entering the 5
details, note that all the structural parameters of the NVT and B I
NPT films vary similarly with annealing temperature. How- é 1
ever, a closer inspection shows that the number of hetero- g T
nuclear bonds in the latter films is larger as compared with s 0L
that in the NVT structures. Correspondingly, a free volume 5 3r
change in the NPT systems enhances lattice relaxation that a
promotes a form of hetero nuclear bonds. An increase in 2 2l
annealing temperature leads to a noticeable increase in the = |
number ofT, atoms and heteronuclear bonds. The C-C net- E 1L
work is weakly changed with annealing temperature, and this : | )
can be attributed to the higher strength of the C-C bond & obd .
energy compared to the energy of the Si-Si and Si-C inter- 1 7 3 4 5 6
actions. This bond redistribution is clearly reflected in Fig. 5, r(A)

where the theoretical and experimental pair correlation func-

tions of the as-deposited and annealed films are displayed. F|G. 5. Pair correlation function ofa) the 12-10-06 film an-
One can see that the changes in the experimentally measurggaled at 600 Kdashed lingand at 2500 Ksolid line); and(b) the
reduced radial distribution function when going from as-as-irradiateddashed ling and 800°C annealesolid line) a-SiC
irradiated to 800°C annealedSiC (Ref. 19 are similar to  layers(Ref. 19. The theoretical samples were generated in the NPT
those in the calculated spectrum upon annealing. ensemble.

115201-7



IVASHCHENKQO et al. PHYSICAL REVIEW B 70, 115201(2004

AN\ Silicon

N(Z) (Arbitrary units)

4
4
7

LB B B SUN AN S A R S SARE N RN At

AN

FIG. 6. DensityN(Z) of the 12-10-06 samples annealed at
600 K (solid line) and at 2500 Kdashed lingin the NPT ensemble
as a function of distance along tielirection.

-

N(6) (Arbitrary units)

).
7] 'y Carbon

layers already fofT,>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 7] /!

as a function ofT,. This value is reduced with increasifg ’ 3

(cf. Table 1. Taking into account the density profilsee P VU U

Fig. 6) and the values o, summarized in Table I, one can 80 120 160

see that the films become more homogeneous and denser 0 (Degree)

with an increase i,, which is mostly associated with the

atomic relaxation around microvoids. In Fig. 7 we show the FIG. 8. Bond-angle distributioN(6) of the as-depositecsolid

atomic configuration in the-y plane for a series of annealed ine) and annealed at 1300 ¢dotted ling and 2500 K(dashed ling

samples. One such void can be observed at the center of tfg-10-06 film in the NPT ensemble.

as-deposited 12-10-06 film. The void spreads from the outefnctions, N(6), shown in Fig. 8. If an amorphous structure
surfape down_to the substrate._An increaseTinpromotes  ¢yntains an appreciable number @ T, andTs atoms, its
atomic relaxation around the void, which leads to a decreasgond-angle distribution should have three peaklike features
in the void volume and, wheff, is raised further, to its related to these groups of abnormally coordinated atoms at
disappearance accompanied by an increase in the film degpproximately 120°, 109°, and 80—90°, respectively. These
sity and a reduction of the surface roughness. Here, it shoulgeculiarities are indeed presenthin) of silicon atoms. Tak-
be pointed out that an increaseig from 600 K to 2500 K ing into account the fact that the main peak of the silicon
leads to a reduction in density of th&600 and f-600  N(6) function is located around 109°, one can say that the
samples by 2.8% and 3.8%, respectively. This findingsilicon configuration ira-SiC films represents a strongly dis-
prompts us to conclude that the observed increase in filntorted tetrahedral network. This finding is consistent with the
density with rising annealing temperature is mainly due toresults of extended x-ray absorption fine structure
the disappearance of voids. This conclusion is in agreemervestigation®® and with the theoretical results for the melt-
with the experimental observatiofsIindeed, Hofgeret al>”  derived bulka-SiC22728 Annealing leads to an enhance-
examined the annealing behavior @fSiC using profilom- ment of the tetrahedral bond angle of 109°, which is consis-
etry and x-ray diffraction, and observed large volume reductent with an increase df, sites with an increase in annealing
tion of a-SiC prior to crystallization. A previous investiga- temperature, as stated earlier. Another picture of the bond-
tion reported that the annihilation of point defects leads tc@ngle distribution is observed for carbon atoms. We see that
substantial densificatidis. the carbonN(6#) function has one distinct peak around the
Additional information about atomic configuration m tetrahedral bond angle. This peak becomes more prominent

-SiC films can be obtained from the bond-angle distributionn 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 witfT, configurations fornT; ones. About
30% of all carbonl; atoms were found to be clean graphite
like sg? sites. So, the bond-angle distributionsaitSiC films
clearly show that, during annealing, both the Si and C local
geometries are transformed in such a way that an enhance-
FIG. 7. Atomic configurations in the-y plane of the(a) as-  ment of the tetrahedral configurations in the amorphous net-
deposited(b) annealed at 2000 K, an@) annealed at 2500 K 12- work is favored.
10-06 samples in the NPT ensemligleotations similar to those Let us now consider the atomic level stresses, which are a
given in Fig. 1. measure of the rigidity of the network @fSiC films. It is

() 5%
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0L . r ﬁ.‘ FIG. 9. Atomic stress distributioN(o) of the
E L . ,1 L : as-depositedsolid line) and annealed at 600 K
B 8 Silicon NIA - (dotted ling and 2000 K(dashed ling 12-10-06
i 6 ‘4‘ - sample in the NPT ensemble. Edge smearing of
T 4L X L the stress distribution of the 512-atom 3C
‘z" s [ . r -SiC(001) slab was reduced to single out stress

L o B\ L localization.
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well known that the local stresses are present in networksompressive to tensile. The latter conclusion is confirmed
with non-equivalent atoms and in any disordered structureexperimentally by the increase in the tensile stress of
In Fig. 9 we show the distributions of atomic strestés) PECVD a-SiC:H films deposited on crystalline silicon wa-

for the as-deposited and annealed 12-10-06 films. For thters with an increase in annealing temperature from 600 to
sake of comparison, we also present the functigm) for ~ 900°C8%61Such a comparison is allowed, since in this tem-
the (001) 3C-SiC slab. The Si and C atoms in a 512-atomperature region the films remain amorphous and practically
crystalline bulk sample were found to be under compressivélo not contain bonded hydrogéhConsidering the fact that

and tensile stresses of about 8.7 GPa, respectively. In tH#C-SiC can be epitaxially grown on a silicon substrate at
case of a 512-atorg®01) slab, the surface Si and C atoms are comparatively high deposition temperatures and that the in-
located closer to the bulk by approximately 5% and 0.3%terface region contains dislocatii®s together with our re-
respectively, as compared with the Si-C interlayer distance isults, one can suppose that the tensile stress of the annealed
the corresponding bulk sample. These structural peculiaritielms is related to the mismatch betweerSi and 3C-SiC

of the crystalline slab are reflected in the stress distributiondattices(about 20%, and to the difference in thermal expan-
The Si projectedN(¢s) has one main peak at around sion coefficientgabout 8%.

—-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 funchiéa) has

one main peak located at around 9.1 GPa that is related to Typical layer-projected TB-DOS associated with atoms
the atoms inside the slab, and one minor peak at approxiocated in the middle of the substrate, at the interface and in
mately 4.5 GPa associated with the surface and undersurfagge middle of the 12-10-06 sample are displayed in Fig. 10.
atoms. In the amorphous samples the functidlie) are  The spectra were calculated using the final atomic configu-
widespread, indicating the presence of large internal locafations determined from EP-MD simulations. The substrate
stresses, compressive as well as tensile for both types @OS shows a distinct band gap around 0.0[€i4. 1Qa)].
atoms (cf. Fig. 9. The tails of the distributions originate Although the interface and film DOS exhibit a trend toward
from atoms having severely strained bonds and angles, arghnd gap formation around 0.0 eV, a significant amount of
which are weakly bonded. Since the amorphous network ofieep states are present in the band gap refffigs. 1Gb)

Si atoms is more strongly distorted than the C network, thesnd 1@c)]. It is well known that gap states are caused by
distribution N(o) related to Si atoms is broader than the coordination defects, strongly distortdd sites, and homo-
analogous distribution for C atoms. However, despite thenuclear bondg?31 All these defects are present in both the
widespread structure of the stress distributions, the maiinterface and the film regions. The interface DOS is sepa-
peak of the Si functiorN(o) is located in a compressive rated by the contributions from the substrate Si at¢Fig.
stress regioraround —10 GPawhile two main peaks of the 10(b)], the film Si and C atom§Fig. 1Qc)]. It is seen from

C function N(o) observed around 4 GPa and 16 GPa areFig. 10 that the electronic spectru) is closer to the bulk
located in the tensile stress region. Upon annealing the maiDOS (a) than the Si projected partial DA§). It follows that
peaks in both stress distributions approach those observed ihe Si film atoms are distributed at the interface more ran-
the stress distributions of the crystalline slab. We found thatomly than the Si atoms belonging to the substrate. The
the average film stress varies from -1.8 to 2.2 GPa whepseudoband gap around 0.0 eV becomes wider when going
going from the as-deposited to annealed at the 2000 Krom the interface to the middle of the film, and this can be
sample. The Si atoms belonging to the substrate in the asttributed to an increase in the number of C atoms in the
deposited sample give rise to one distinct peakNfw) nearest neighbor shells surrounding the Si atoms. The band-
around -8.9 GP#not shown in Fig. § which upon anneal- gap broadening is accompanied by the disappearance of the
ing at 2000 K becomes narrower and shifts to a new positiopeak around -1.0 eV in the C projected DOS. This peak is
at —1.7 GPa. Therefore, sample annealing leads to a reduassigned to Gpandsp’ states>24From this we deduce that
tion of the compressive stress of the Si substrate and to #ie number of abnormally coordinated C atoms in the inter-
modification of the nature of the average film stress fromface region is larger compared to that inside the film.

D. Electronic states and their localization
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FIG. 11. Local DOSN(E) associated with singlefold coordi-
nated Si and C atoms located on the outer surface of the as-
deposited samples.

N(ER) (V)

associated with the interface and middle film regjonsthe
DOS, the film will exhibit semiconductor properties, since
these states are strongly localizedrrespondingly, they will
not contribute to conductivily 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-°

QE)

QE)

e - As far as the semiconductor propertiesae®iC films are
g 08 | Film f:once.rne.d, we note that_, so far, the role of the surface atoms
eza; ’ 1{ JUREINS ~ in a-SiC films in generating gap states has not yet fully clari-
00 'v"-"-'f'.&- £ -.. o "_"‘_-' -7:'-. > .'- fied. By analogy with the hydrogen effect on dangling-bond
20 15 10 5 0 5 10 states one would expect that the surface singlefold coordi-

E (eV) 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 earlief3243031Here, we present the results of the cal-
culations of the local DOS associated with the singlefold
) ! ) X coordinated Si and C atoms located on the outer film surface.
I,':r.'e)' Ris the distance rhelatlvedt_o tge bottom OT th‘z S“bsr:(a@ In Fig. 11 we report the local DOS of such atoms belonging
9. 2. Mean-square charge distri UF'G@(E) related to the@ as-deposite@-SiC films. It is seen that, in contrast with
substrate DOS, anth and ¢ and the interface DOS. The Fermi - .
energy is located around 0.170 eV. the expected results, both types_of atoms give rise to gap
states. The local DOS of the silicon atom in the $BC
An important characteristic of the DOS is the extent of theconfiguration and the carbon atom @Si(4) configuration
electronic localizatiorQ(E) over the range of the electronic exhibit distinct deep levels at the top of the band gap. Gap
spectrum. We see that, for the almost perfect electronic spestates having the C-origin are more localized than those
trum inside the substrate, electronic states are weakly locataused by the Si atom in the single fold coordinated configu-
ized at the band edgd§ig. 10a)]. In the case of the sub- ration. A similar situation is observed fof; atoms (not
strate atoms at the interface, the strong electronic localizatioshown. We expect that such circumstance is responsible for
takes place at the bottom and at the top of the bandgap  the single EPR signal with g value of 2.0028 associated
10(b)]. The states originated from the Si film atoms at thewith the abnormally coordinated C atoms detected by Tabbal
interface are localized mostly at midgap and at the bottom oét al. in a-SiC films 1617
the valence bandFig. 1Qc)]. The carbon atoms located in  As was mentioned above, an increase in the Si-C hetero-
the interface region give rise to strong electronic localizatiomuclear bond density and some local ordering caused by an-
at the bottom of the valence band, in the band gap, and at theealing lead to an improvement of the optoelectronic prop-
top of the valence bangFig. 1Qc)]. We found a similar erties, and to a widening of the band gap @SiC
distribution of localized states for atoms located in thefilms.'617:54The observed variations of the electronic spectra
middle of the film(not shown. It follows that, regardless of of as-deposited-SiC films under annealing shown in Fig. 12
the presence of a significant amount of gap stétlest are  are consistent with this tendency. Upon annealing, the dip in

FIG. 10. Local layer-projected DOS(E,R) associated witia)
the middle of the substrateN(E) obtained using a 128%olid line)
and 5156(dashed ling—atom cell;(b and ¢ the interface, andd)
the middle of the as-deposited 12-10-06 film: Si-projected DOS
(solid line), C-projected DOSdashed ling and total DOS(dotted
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i y IV. CONCLUSIONS

Ti . . . .
otal We have investigated the atomic and electronic structures

= aed and growth kinetics 0&-SiC films. For this purpose a depo-
¥ sition scheme based on empirical molecular dynamics simu-

- Carbon

lations was suggested. A set of films was generated by con-
densing the SiC vapor on €é01) 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 bull-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-
the band gap region becomes deeper, and this is attributed gictor dip increases, and this is mostly attributed to a reduc-
an improvement of the amorphous tetrahedral network. Th@on in Si-Si homonuclear and €p- and sp’-configurations.
band gap in the silicon projected DOS is formed in a narrowrhe comparison between the computed characteristics and
region around 0.0 eV, mostly due to a reduction of the Sihe analogous theoretical and experimental findings for bulk

dangling and homonuclear bonds. A change of the atomign( filma-SiC anda-SiC:H samples validates our approach.
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 sp-configurations, is reduced during an-

nealing. Here, it should be noted that, in contrast to first- This work was supported in part by STCU Contract No.
principles procedures, the Tersoff potential tends t01590-C, 1591. The work of P. E. A. T. was performed under
overestimate a number af; atoms located at the sample the auspices of U. S. Department of Energy by the University
surface®® So one can expect that our approach provides moref California Lawrence Livermore National Laboratory un-

FIG. 12. Densities of staté¥(E) of the as-depositegolid line),
annealed at 2000 Kdashed ling and 2500 K(dotted ling 12-
10-06 samples in the NPT ensemble.
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