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The structural properties of Si-Ge-C alloys are studied using Monte Carlo simulations. The large size
mismatch among the constituents is overcome by introducing atom-identity switches accompanied with
neighbor-atom relaxations. A repulsive interaction between carbon atoms is found, so no clustering
is observed. No formation of Ge-C bonds is foreseen. The lattice structural parameters show strong
deviations from linear behavior.

PACS numbers: 61.43.Bn, 61.66.Dk, 64.75.+g

Understanding of the equilibrium properties of semi-
conductor binary alloys has progressed rapidly in recent
years, instigated by the importance of these alloys in elec-
tronic devices. The prototypical example is offered by Si-
Ge alloys and superlattices grown on various substrates.
These have been studied extensively [1], both theoreti-
cally and experimentally. The crucial ingredient in the
description of these epitaxial systems is the built-in strain
due to the lattice mismatch with the substrate. This affects
not only the good quality of the grown crystals (appear-
ance of dislocations and other extended defects as a result
of strain relaxation), but also the band structure, energy
gap, and band offsets as well.

A promising possibility to tackle such problems is
to introduce a third element in the binary mixture,
hoping that in this way one will have good control over
the structural and electronic properties of the strained
material. Because of this idea, the ternary Si-Ge-C alloy
system has attracted considerable attention recently. The
possibility that the incorporation of carbon atoms in

pseudomorphic Sii Ge layers, grown on Si substrates,
can compensate the built-in compressive strain is quite
appealing. A number of experimental reports are devoted
to this subject [2—4], but a theoretical treatment is lacking.

Here, we report the first attempt to obtain the equi-
librium structure of the ternary Si& ~ &Ge&Cy alloys.
Extensive Monte Carlo (MC) simulations shed light on
various aspects of the problem. By introducing a novel
technique of atom-identity switching, which is accompa-
nied with nearest-neighbor-atom relaxations, we were able
to explicitly show the dependence of Si and Ge concen-
trations on increasing C content, and trace the distribution
of C atoms in the lattice, both in the bulk and in the sur-
face regions. The possibility for the clustering of C atoms
and for the formation of Ge-C bonds is studied. We also
examine the response of the structural parameters of the
system to C incorporation.

The main obstacle in simulating such a system is the
huge size mismatch between C and the other two species.
We would like to incorporate C atoms in the Si-Ge lat-

tice in a natural way, and not by inserting them randomly
by hand. This process, involving atom-identity switches,
requires a rather severe structural alteration in the neigh-
borhood of the insertion. Of course, we accept that C
atoms are entering into the network substitutionally [2,3].
We accomplish this task and obtain compositional equi-
libration by using a continuous-space MC algorithm in
the semigrand canonical ensemble [5], used successfully
before [6,7], but with a significant modification in order
to overcome the large formation energies and barriers for
diffusion.

In this approach, one requires that the total number of
atoms N, the pressure P, and the temperature T remain
fixed, while allowing fluctuations 6n in the number
of atoms of each species, driven by the appropriate
chemical potential differences (Ap, = p, ;

—p, 1, i, j —=

Si, Ge, C, in the present case). In practice, one models
this ensemble by having, besides the usual random atomic
displacements and volume changes, simple flips which
convert the identity of a randomly chosen atom into one of
the other possible identities of the system. The probability
of accepting such a trial move is given by

P„,(i i') = Min(l, expgpsi~nsi

+ porno, + pcAnc
—AU(s )]/1 Tj),

where AU(s ), a function of the 3N scaled atomic
coordinates s, is the change in potential energy due to
the move. For systems with small atomic size mismatch

among the constituents, equilibration within this ensemble
is straightforward. When the atomic size mismatch,
however, is large as in the present case, very few MC
flips involving formation or elimination of a C site will
be accepted, due to the generation of severely strained
bonds with the neighboring atoms, and equilibration is
impossible to achieve.

To overcome this problem, we introduce appropriate
relaxations of first-nearest-neighbor atoms following each
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attempted move. The potential-energy part of the Hamil-
tonian now reads

nn 3

AU(s ) = E„„,.„,(r i', P g As'„(rp~))

go k —1j=l
cluster ~ (2)

where the energy is estimated over the cluster of atoms
affected by the move and the relaxations, instead of
over the whole system, before and after the move. Each
nearest neighbor is relaxed away or towards the central
atom (which changes identity from i to i' and is labeled
0) in the bond direction roz. This means that every scaled
coordinate sJ is altered according to the scheme

J J J»~(~o~) = Ab..d~ok

Ab..d
= tbp&Ii'(0), i(&)]—I ~os Irx,ei( I ~ok I, (3b)

where ho& is the bulk equilibrium bond length among
atoms 0 (after the flip) and k. The relaxation parameter

ranging from 0.0 to 1.0, decides how large the
relaxation (expressed by Ab, „d) should be. We find that
intermediate values of g„~ make the best effect. This
is illustrated in Fig. 1, which shows the drastic increase
of switch-success rate, relative to null relaxation, as a
function of g„&. For values approaching unity, i.e., when
the bond relaxes to its ideal bulk value, the success rate
drops (but still remains higher than for g„~ = 0.0) due
to straining of the backbonds in the neighboring atoms.
We hope to further improve this scheme by extending the
relaxations to more distant neighbors. We should also
point out that the success rate of Hips involving C sites
is much lower than for Si or Ge (at least at the low
C concentration limit). This is consistent with, though
not directly linked to, the high formation and diffusion
activation energies of C substitutionals in Si [8,9].

To model the interatomic interactions and calculate
the energies entering in Eq. (2) we use a well-tested [7]
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FIG. l. Variation of switch success as a function of the
relaxation parameter (see text). The zero of the y axis
corresponds to the success rate with null relaxation.

empirical potential [10], which we extended to the case
of a ternary system. It starts with potentials for elemental
Si, Ge, and C; then the cross interactions are determined
from the elemental parameters by an interpolation scheme.
Here, in order to model the unknown Ge-C interactions,
we have fitted the potential to the enthalpy of formation
(AH = 0.2 eV/atom) of the hypothetical zinc-blende Ge-
C alloy, calculated using the pseudopotential-density-
functional method [11]. The large positive value of AH
means that Ge and C are immiscible at zero pressure
under equilibrium conditions. Sankey et al. [12] also
arrived at a similar value for AH.

For the simulations we use cubic supercells of 512
atoms with periodic boundary conditions. We start with
well-equilibrated Si

&
Ge random alloys, above the

critical temperature for phase separation T, =170. K [7]
(most simulations are done at 300 K). The composition
x is obtained by a suitable choice of Ap, s; G, . Then we
vary the carbon chemical potential p, L. (referred to p, s; or
p, t-„„ there are only two independent chemical potentials-
fugacities in the system), in order to obtain the desired C
content in the cell.

We first examine how Si and Ge respond to the in-
corporation of C into the network. We generate a series
of samples with increasing C content g~, either epitax-
ial or bulk, in the way explained above (we keep 5p, s, G,
fixed) . Strictly speaking, these samples are in "quasiequi-
librium', we go well above the solid solubility of C in
Si (~2 X 10 3 at. %, even lower in Ge), so the material
is metastable, but it can be obtained experimentally by
nonequilibrium techniques (molecular beam epitaxy [2],
solid phase epitaxy [3], etc.). The results of these exten-
sive calculations are shown in Fig. 2. The most promi-
nent effect is the steady elimination of Ge atoms from the
lattice as yc increases (see both panels of Fig. 2), evi-
dence for the strong repulsive Ge-C interaction. C atoms
substitute almost solely at Ge sites. From Eq. (1), it fol-
lows that, in general, two factors have control over the
alloy compositions. The chemical-potential part enforces
C over Si or Ge, as p, ~ increases, but on equal terms
(5p, s; G, fixed). So, the driving force for Ge elimination
is chemical-bond preference (favoring Si-C bonds over
Ge-C bonds), which dominates the potential energy part
AU(s ).

Very few Ge-C bonds are found (~5%), and only when
equilibrating the samples at high T's (-1000 K), and at
high g~. At low C concentrations Ge-C bonds are com-
pletely absent, in agreement with Raman measurements
[2]. It is instructive to look at the distribution of C atoms
in the lattice, in the most technologically interesting case,
i.e., for ~c ~ 0.03. Figure 3 shows the radial distribution
functions g(r) for a typical sample strained on Si(100). In
the total function, we easily identify the Si-C peaks, but
no first-neighbor C-C peak is observed. A closer look
at the C-C partial g(r) reveals that C atoms stay at least
4.0 A apart. This indicates a large repulsive interaction
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theory of elasticity (MTE) predicts that the perpendicular
lattice constant of the alloy is given by the expression

2ct2(x, y) as; —ap(x, y)

o+
I
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FIG. 4. Response of lattice parameters of
Si~, YGe, C~/Si(100) (x = 0.25) alloys, at 300 K, to C
incorporation. (a) Deviation of MC results for a~ from the
predictions of MTE (see text). Dot-dashed line shows a
hypothetical linear variation of Aaz. (b) Strain compensation.
Triangles denote MTE predictions; circles are the MC results.

(4)

where ct~(x, y) and c~z(x, y), the elastic constants of the
alloy, as well as the equilibrium lattice constant ap(x, y),
are obtained by a linear interpolation to those of bulk Si,
Ge, and C. Panel (a) of Fig. 4 shows the deviation of
the MC results for a~ from the predicted values, Aa~ =
a~ —a~, as a function of C content. At yc = 0.0MTE MC

(Sip 75Gep zs), there is already a small deviation from
Vegard's law (ha~ ——4 X 10 A), noticed also before
[16,17]. Deviations increase rapidly with C content, and
even for gc = 0.03, ha~ becomes an order of magnitude
larger. Interestingly, the variation of Aaz is not linear.
We are presently investigating the response of the elastic
constants to alloying with C, in order to understand this
inharmonic effect [18].

These deviations from elasticity theory have a profound
effect on strain compensation. This is demonstrated in
panel (b) of Fig. 4, showing how epitaxial strain, defined
as e~ = (a~ —as; )/asir is reduced with increasing C
content. If MTE holds, then more than 3% of C

is needed to compensate the strain for y~, = 0.25.
On the other hand, the MC results show that less C
(=2%) is enough to accomplish this. Such a difference
in the critical ~c is not unimportant. Adding this extra
carbon amount could drive the system above the threshold
for breakdown in crystallographic perfect layer growth
(generation of stacking defects). In fact, a very sensitive
and even abrupt dependence of disorder on gc is found
experimentally [4,13]. The details of the lattice elastic
response to the carbon amount added definitely needs
further consideration.

In conclusion, we have demonstrated in this paper how
to obtain equilibrium properties of ternary semiconductor
alloys, composed of atoms with large size mismatch. The
relevant MC method is applied here to the Si] —z —yGe Cy
alloy, but it could be as easily used to treat other systems,
where the appropriate interatomic interactions are known.
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