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Short-range order, bulk moduli, and physical trends in c-Si; _,C, alloys
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Alloys of silicon and carbon in the crystalline phase, although complex and with varying degrees of short-
range order, are shown to exhibit an accurate power-law dependence of the bulk n®duiuhe average
nearest-neighbor separatidn over the whole composition range. The homopolar energy gap of these alloys
increases with carbon content. Similar trends have only been proposed earlier for the much simpler diamond
and zinc-blende semiconductof$0163-18207)03513-3

The rapid progress in modern epitaxial techniques made uestion of short-range ordédSRO is also analyzed and
possible to fabricate complex compounds and alloys, whiclyuantified for all values oX.
had been in the past considered as only hypothetical. The The key point in discussing these alloys lies in the proper
growth of Si,_,C, alloys illustrates one of the most intrigu- description of the intrinsic strain due to the huge size mis-
ing examples, where the extremely low solid solubility of C match between Si and C. This is related to the optimum
in Si had been overcome by nonequilibrium methods, sucliistribution of species in the network minimizing the elastic
as molecular beam epitax1BE).! The complexity of these energy. In thermodynamic equilibrium the only stable phases
“exotic” new materials poses a challenge to the theoristare the equimolar perfectly ordered ZB structure and the
aiming to compute the most fundamental of their propertiesvarious stoichiometric polytypes. However, it has been pos-
lattice constants, bulk moduli, cohesive energies, and bansible to grow metastable, defect-free, nonstoichiometric alloy
gaps. Although quantum-mechanied initio calculations of  layers on Si using MBE; with carbon contents up to
total energies and forces have given excellent results wher 20%? without the formation of silicon carbide. Thus, in
applied to simple solids, their applicability to more complexour search for physical trends in this alloy series, we must
materials, where structural and compositional disorder domieonsider the whole range &f although certain values might
nates, is severely limited. not actually occur in the laboratofgspecially under epitax-

Because of these limitations, we often develop empiricalal strain. We already know that, for small carbon contents,
formalisms in order to study a wide class of materials and taninimization of the elastic energy is obtained if C atoms are
demonstrate physical trends. A decade ago, Copraposed  arranged at certain distancésainly as third NN'3.*% As
such an empirical model for the bulk moduli of diamond andx increases, however, compositional disorder rises because
zinc-blende(ZB) solids. The essence of this model is embod-“wrong” (homopolay bonds inevitably occur.
ied in a simple expression which defines a power-law depen- We accomplish the incorporation of C atoms in the Si
dence of the bulk moduluB on the nearest-neighb@NN) lattice, or vice versa, and we attain the most favorable meta-
separationd. The physical considerations behind this ap-stable arrangements which minimize strain, using Monte
proach is thaB depends predominantly on the covalent char-Carlo(MC) simulations in the semigrand canonical ensemble
acter of the bondexemplified by ehomopolar gap E), and (A u,P,T) supplemented by a technique recently introddced
only weakly onionicity, and thatE,, scales logarithmically which overcomes the large formation energies and lowers the
against lattice constants between different rows of the peribarriers for diffusion. In this approach, besides the usual ran-
odic table, as suggested by Philibalthough the model has dom atomic displacements and volume changes, we have
been proved to be appropriate for the simple diamond antking-type flips (atom-identity switches driven by the
ZB structures, one wonders whether the above ideas arhemical-potential differencA u= ugi— uc, which are ac-
more general and can be applied to complicated materialsompanied by appropriate relaxations of first-NN atoms,
with a high degree of compositional disorder. away or toward the central atom undergoing the attempted

Here, we show that $%i ,C, alloys exhibit an accurate switch, in order to make the flips less costly. In this way, the
power-law dependence @ on the lattice constard, or,  success rate is enhanced by as much as 50%. It should be
equivalently on the “average’NN distanced, over the clear that statistical averages are taken with respect to these
whole composition range. This is quite remarkable given thenetastable configurations, which despite that minimize strain
complexity of these alloys, which are inherently locally dis- do not eliminate it since they are inherently locally strained
ordered due to the atomic size mismatch, as well as compan the neighborhood of the minority-type-atom insertion. The
sitionally disordered. The complexity is pronounced espeonly strained-free configurations result from formation of
cially at intermediate compositions, as compared to theSiC-like regions, but this case does not interest us, and nei-
simple ZB form of SiC. As a consequence of the power-lawther is proposed by the MBE experiments at typical growth
dependence, it follows that the homopolaveragé gapE;,  temperatures.
of these alloys increases with carbon contentontrary to For the simulations we use cubic supercells of 216 atoms
the intrinsic gap which has been reported to decrease. Thaith periodic boundary conditions. The compositiom the
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% - °© o . tion is smooth with a well-defined minimum at=0.5,
o 06 N o o ° (b) 7] where the parameter falls to a value somewhat less than mid-
% 04 ) . way between random I(gene=0) and fully ordered
m 0.2 i n ] (T'gethe=1). The overall picture and the close compatibility
< ] with the structural trends, to be discussed below, show that
0, 0'2 : 0'4 ' 0'6 . ols — the calculated SRO is near the optimum one. Also note that

expectedly the SRO for the stoichiometric sample is higher
than for amorphous Si&The reason lies in that the atomic
size mismatch, which is the primary driving force for order-
FIG. 1. Short-range order in Si,C, alloys.(a) Variation of the  jng in the crystal, is less effective in the amorphous material

average number of heteropolar bonds witfCircles stand for C-Si  \yhere the network has the ability to accomodate large local
bonds, triangles for Si-C bonds. Dotted lines denote a hypotheticaétrains_

random distribution of specie¢h) The Bethe SRO parametésee We now proceed to calculate the lattice constants and

text) vs X Tk_\e square shows corresponding value for the amory ik moduli of Si,_,C, alloys and to investigate the rela-
phous stoichiometric alloy. tionship among them. We focus our attentiorstatic-lattice
elastic propertiegat ~0 K), much in the same way as done
cell is obtained by a suitable choice Afug;_c, while the  previously for amorphous carbon networkSince atom-
pressureP and temperaturé=800 K (a typical growth tem- identity flips cannot take place at such low temperatures, we
peraturg are kept fixed. The interatomic interactions aregenerated three different metastable configurations for each
modeled via a well-tested, in similar environmehtsnpiri-  x at typical growth temperatures, where the switch-success
cal potentiafl This approach is less accurate than first-rate is significant. These were subsequently cooled GoK
principles methods, but since we are aimingrands any  at their lowest-energy configurations. At this stage, averag-
inaccuracies and errors are systematic and they do canciglg over the cell dimensions gives for each configuration,
out. Besides, the empirical approach allows for the preserind averaging over the three configurations gagfor each
MC treatment, which is advantageous because strain minimi. The equilibrium bulk modulu88=V(d?E/dV?),_y._ is
zation is arrivec_l at naturally. In amgb initio approach one obtained by considering a uniform expans(mmpresgioh
would have fo find th? most fqvor_able arrangements by ransf the cell for each configuration and fitting points of total
domly moving atoms in the lattice in an inefficient and costlyenergy versus volume with the Murnaghan equation of state
procedu're. . . ) . for solids. The results of our calculations as a function of
We first discuss the question of SR@mited to first .o content are shown in Fig. 2(The differences in the

. ; . ; L Xalues ofag or B between the three configurations are small,
sis of the extensive calculations is shown in Fig. 1. Péael not exceeding the size of the symbpls panel(a), we ob-
demonstrates how the average number of heteropolar bong '

Brve a negative deviation from Vegard's linear rule
(obtained from atomic correlations &t=800 K) evolves as a 9 g

f ; f d h hetical dom distrib ag(X)=(1—x)ag+xac, an effect well known for ZB-SiC
unction ofx, contrasted to a hypothetical random distribu- 5 atiributed to charge transfer from Si td%The variation
tion of species. Perfect heteropolar bondidyf.~=4) per-

sists. for 0.24x=0.82, and therZh..3ter i; reduped for.intt_e.r— gfectgﬁdl_a;t::jc; gglr;sr;c?rr;[iglwth( Is very well fited with the
mediate values. However, even in this region a significant

amount of SRO exists. In order to quantify ordering, we
utilize the concept of the nearest-neighbor correlation param-
eter in a binary alloy, defined as

Carbon content x

ag(x) =ag— 2.423%+ 0.5705%2, ®)

Note thata, for ZB-SiC is smaller than for the stoichio-
metric disordered sampléarger negative deviation The
I'ag=CaAPa—CaCs, (1) Jatter is strainedmixed bond$and cannot acquire the opti-
mum density of the unstrained ZB form. The variation of the
which relates the probabiliti 55 of a given bond being of bulk modulusB with x in panel(b) also exhibits the same
type A-B, to the random case where each site is indepensmooth trend, i.e., a downward bowing compared to the lin-
dently occupied with probabilitxc, or cg. [Sincec, and  early interpolated values. Expectedly, Beof the stoichio-
cg are actually the fractions and 1—x of atomsA andB in metric sample is lower than that of ZB-Si@isordered net-
the cell, the random probabilityP,g) equals €acg)/ca  Works are softer than undistorted lattiz.es
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FIG. 2. (a) Lattice constants an¢b) bulk moduli of Si_,C,
alloys as a function ok. Dotted lines show variations according to
Vegard’s rule. Squares denote corresponding values for the zinc-

blende SiC alloy.
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FIG. 3. The bulk modulu as a function of the “average”

A considerably deeper insight into these properties igiearest-neighbor distande(see textfor a series of Si,C, alloys,
achieved if we search for specific trends in the variation ofPlotted(a) on a linear scale(b) on a logarithmic scale. Error bars
B. Looking for such trends is preferable to study the varia-(not shown are smaller than symbol size.
tion of B with a, or, equivalently, with the nearest-neighbor

distancead, instead ofx. For an elemental semiconductbis

consistently.(d) It provides a strong test of the accuracy of

well defined, but here due to the presence of all kinds ofUr MC switching-relaxing algorithm, showing that all de-

bonds, occurring in a variety of proportions depending o
carbon content, we have to think in terms of an “average
d(x) that reflects the actual, of the sample. Thus, the bes
choice is to considerd(x)=ag(x)3/4. [Choosing d(x)
=(1—x)dg+xdc would be in conflict with the nonlinear
variation ofay.] The dependence & on d(x) is shown in
Fig. 3. Panela) shows the linear variation, while pang)
showsB versusd in a log-log plot. The data closely follow a

straight line, which indicates that

B=Ad(x)".

A line fit through all points givegwithin our numerical ac-
curacy for the slopen and the constant facté the values
—3.49+0.02 and 1925 30, respectively, whe is mea-

sured in GPa and in A.

rgrees of freedom, spatial and cellular, are properly equili-

» brated. So the accuracy in this power law verifies that SRO

t in the cells is at its optimum leve{e) Finally, it is trivial to
computeB for any arbitrary carbon contemt One extracts
d from ay(x) given by Eq.(3) and therB is estimated using
Eq. (4). Thus, the observed trends are not just of academic
interest. The knowledge and easy derivation of such struc-
tural and elastic data from simple formulésvercoming in
this way the difficulty of performing first-principles calcula-
tions for so many configurations and for such a complex
materia) is very helpful and essential for the description of
physical properties of thin pseudomorphic epitaxial films. It
is needed for the interpretation of relevant experiments, as
well.

The power-law dependence 8f on d immediately im-
plies also a definite trend in the variation of the energy gap in

The observation of this accurate power-law behaviorSii-xCx alloys. According to Philips, tetrahedral com-
from these simple empirical calculations, is quite remarkabld?0unds sharing eight valence electrons per atom pair are
for several reasonsa) It provides an independent verifica- characterized by a covalent or homopolar gap and an
tion of Cohen’s propositioA,which was based on physical ionic gap C.** Examining a series of solids of increasing

considerations, both regarding the scaling exponand the

ionicity (group IV—Il1-V —11-VI ) Cohen observétthat the

constantA.!! (b) Furthermore, and most importantly, power- lattice constant, od, is nearly independent o and one
law behavior holds for the whole composition range of theseshould expect thaB depends predominantly of,. Since

complex alloys; i.e.B scales withd which is a function of

B scales inversely proportional to the covalent-bond volume

x within a single alloy series. This is a generalization of (~d; bond charge densities have roughly cylindrical shape

Cohen’s theory wherd scales withd between different
rows of the periodic table. Note that E@) does not hold if
one uses the avera@@early interpolategid’s. (c) Both ZB-

SiC and “disordered” SjsC 5 follow this behavior, indi-

he suggested that
B=DE,d 1, (5)

whereD is a numerical constant. Thé 3% dependence of

cating that the respective bulk moduli aNdN distances vary B follows from the argument of Philips th&, in tetrahedral
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Finally, let us point out thaE,(x) increases as a function

of x over the whole alloy range. This is in contrast to the
behavior of the intrinsic gap which, for small carbon concen-
trations, has been reported by theoretical calculations to
decreasé? attaining a minimum value at-10% of C. A
possible explanation of this effect requires the average sepa-
ration of bonding-antibonding states to increase, while the
dispersion is such that the intrinsic gap decreases. It should

| be noted, however, that the lattice constants given as input to
. | these calculatiort$ were estimated using Vegard's rule, an
approximation not valid in this system as shown above. This
means that the cells were not completely geometrically re-
laxed in the correct density, and it could have as an artifact
the overestimation in the reduction of the intrinsic gap. Note
that recent photoluminescence studies in_SC,/Si quan-
tum well structure® found a considerably smaller shift than
predicted by theory? Obviously, this matter needs further

) investigation. In any case, our proposition for significant de-
compounds scales_aiis‘z'5.3 In this theoryEy, plays the role yiations from Vegard's law in Si ¢_,Ge,C, alloys® and

of an average optical gap, like the energy gap parametgfere in Sj_,C, alloys, gains support both from recent ex-
Eg in the isotropic band model of Periilsing Eq.(5) and  perimental work® and fromab initio calculations” There-

as a level g’f reference the homopolar gap of Bi(Si)  fore, any future work should take seriously into account
(=5.07 eV),” we obtain the variation oE, with x in this  hese deviations, especially when interpreting experimental
series of alloys: results.

In summary, | have shown in this paper that MC simula-
tions can provide metastable, disorderegd JC, structures,
whose bulk moduli and lattice constants obey a simple
power-law behavior quite accurately. Although demonstrated
for a single alloy of various compositions, the method and
the accompanying analysis can be applied to other semicon-
ductor alloys as well, in order to unravel interesting physical
trends.

Carbon content x

FIG. 4. The homopolar energy gap of; SiC, alloys vs carbon
content. The square shows the gap for zinc-blende SiC.

B(x) d(x)

: (6)

The results are plotted in Fig. 4. We find tBg of carbon to

be 14.5 eV, compared to 14.7 e\bK,,=1.4%) as deter-
mined from the experimental dielectric constantand the

plasma energye,. Also, for ZB-SiC the calculated value
(9.1 eV) agrees well withE, obtained from Penn’s model,
while for SigeCpos Wwe find a lower valug8.7 eV) as ex- Itis my pleasure to thank Alex Zunger, who suggested the
pected. The overall variation retrieves tde?® behavior, link of my investigations with Cohen’s theory, and Efthimios

showing the reliability of our calculated bulk moduli and Kaxiras for fruitful discussions. This work has been sup-
lattice constantfon whichE(x) in Eq. (6) is solely basel  ported in part by the HCM program of the EU, No. 0355.
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