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Energetics and Equilibrium Properties of Thin PseudomorphicSi;—,C,(100) Layers in Si
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We investigate the structure of carbon enriched thin silicon films which involve large strains, using
first-principles total energy calculations and Monte Carlo simulations. We identify the energetically
most favored configurations of substitutional carbon atoms in the Si(100) surface layers, and obtain the
equilibrium depth profile at various temperatures. The interplay between the reconstruction strain field
and the solute-atom interactions leads to complicated structural patterns that are different from related
weakly strained systems. [S0031-9007(97)03115-3]

PACS numbers: 61.66.Dk, 68.35.Dv, 71.15.Nc

Alloy formation by mixing different elements is typi- ing carbon solubility. Rickeet al.[1] proposed that
cally restricted by the solubility of one species in thethe system relieves strain energy by forming orddrelik
lattice of the other as imposed by thermodynamic equilibstructures which optimize the interaction between C sub-
rium. The presence of the surface and interface regions istitutionals, while they neglected surface effects. In a sig-
a thin film allows for considerably more diverse structuresnificant contribution to the problem, Tersoff [3] pointed
to become stable or metastable. At present, the realizatiasut the importance of the elastic interaction of an isolated
of artificial thin alloy films is being vigorously pursued for carbon impurity with the surface, but did not include the
a wide range of technological applications. These genelinteraction between C atoms. Because of the nature of the
ally metastable materials, which are often fabricated undedeposition process, and because high C concentrations are
nonequilibrium growth conditions, exhibit certain desir- involved, the surface factor and the C-C interactions are
able characteristics such as improved mechanical stabilitytrongly interrelated.
and tailored electronic properties. This approach presents Here, we attempt to provide a finite-temperature thermo-
new theoretical and experimental challenges to our undedynamic description of the system, while taking into ac-
standing of structural stability under special conditions.count in our theoretical model both the surface effects and
A crucial factor that can affect the stable structure andhe solute atom interactions. We concentrate on C incor-
hence the properties of the material and its relevance tporation in Si(100). We first performed static calculations
applications is the controlled incorporation of substitu-to identify the energetically most favorable configurations
tional atoms. Despite its importance, neither the mechasf C atoms in the near-surface region. Then, the overall
nisms nor the consequences of the incorporation processirface profile (average site occupancies) was obtained by
are well understood. Mechanisms for atomic insertion arearrying out Monte Carlo (MC) simulations at a range of
exceedingly difficult to determine because they involvetemperatures, thus accounting fully for positional, configu-
complicated kinetic processes. Therefore, it is appropriateational, and vibrational contributions to the free energy.
to first develop models for and insight into the most stabléNe were able to determine the exact microscopic structure
arrangements of substitutional atoms in the host materialn thin Si;_,C, layers (up to 22 A thick), from which it
a task both more amenable to theoretical study and easier evident that the surface profile is driven by competition
to link to experimental investigations. between the tendency of C atoms to occupy favorable sites

The case of carbon incorporation in silicon representsletermined by the reconstruction strain field, and the pref-
one of the most intriguing situations due to the hugeerential arrangement of C atoms at certain distances which
size mismatch between the two elements. This system iminimizes the lattice elastic energy.
promising for applications related to band-gap engineer- The static calculations also helped calibrate the em-
ing and manipulation of the lattice constant. The solu-pirical interactions employed in the MC simulations by
bility of C in Si is very small (of orderl0™3 at %).  comparing the results to first-principles quantum mecha-
Current experimental efforts to overcome this obstacle araical calculations. The empirical formalism utilized here
based on nonequilibrium methods which exploit the lesss based on the interatomic potentials of Tersoff for multi-
constrained environment and the higher atomic mobilitycomponent systems [4], and has been used with success in
on surfaces [1,2]. The goal is to fabricate thin pseu-similar contexts (Si-.-,Ge,C, alloys [5]). In the first-
domorphic Sj_,C, layers in Si with enhanced carbon principles calculations, based on density functional theory
concentration, without the formation of SiC precipitates.in the local density approximation, the system is modeled
Theoretical attempts to study this issue [1,3] singled ouby a slab geometry composed of eight atomic layers in
two possible factors that could play a role in enhancthe (100) direction, separated by vacuum regions equal to
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12 A, and with the bottom layer passivated by H atomsthe ones with the C dimers on the surface [Fig. 1(a)].
The top layer is reconstructed in the usual manner, formApparently, the gain in chemical energy due to the
ing dimers in a2 X 1) periodic unit cell [6]. The lattice formation of the C dimers overwhelms the energy cost due
constant was chosen as that of bulk Si. Norm-conservingp the large deformations that accompany this structure.
atomic pseudopotentials were used to eliminate core statdhe configuration with the highest energy involves the
[7]. Reciprocal space integrations were approximated bywo C atoms at nearest-neighbor positions [Fig. 1(d)],
two sampling points in the irreducible surface Brillouin one in the third and one in the fourth layer, both
zone, and a plane wave basis with kinetic energy up tdlirectly below the surface Si dimers. Next in order of
36 Ry was employed for expanding the electronic wavelecreasing energy are the two configurations that have
functions. For each atomic configuration the geometnthe C atoms at second-neighbor distances but in the same
was relaxed by minimizing the magnitude of the calcu-layer [Figs. 1(b) and 1(c); the energy of the configuration
lated Hellmann-Feynman forces. with both C atoms in layer 4 is slightly higher than
We begin with a description of the comparison be-when they are both in layer 3]. Finally, the subsurface
tween the first-principles and the empirical potential cal-configurations with lowest energy involve the two C
culations for the energetics of C incorporation on and neaatoms situated in the third and fourth layers (one below
the Si(100) dimerized surface. We selected a number adnd the other between the Si dimers), at third-neighbor
representative configurations and compared the relativeositions [Figs. 1(e) and 1(f)]. These comparisons in
energy differences obtained from the first-principles cal-energetic ordering apply to both sets of calculations
culations to those obtained with the empirical interatomicwith no exceptions Accordingly, we conclude that the
potentials. The configurations included the same numbeaccuracy of the empirical potentials is adequate for the
of C atoms in each unit cell [two C atoms p& X 1)  investigation of the equilibrium properties of the system.
unit cell], so that consistent energy comparisons could In Fig. 3 we display selected charge density plots from
be made without involving chemical potentials. The firstthe various configurations that capture the most interesting
configuration involves C dimers in layer 1, as shown infeatures of interatomic bonding. The top two panels
Fig. 1(a) (in the following the layer index increases from correspond to Fig. 1(a), the middle two panels to Fig. 1(d),
the surface into the bulk). The remaining configurationsand the bottom two panels to Fig. 1(e). The panels
have the C atoms in subsequent layers below the surfacen the left column are charge density plots on a plane
either at the same layer [layer 2, Fig. 1(b), or layer 3,passing through the surface dimers, while those on the
Fig. 1(c)], or at different layers [layers 3 and 4, Figs. 1(d),right column are on a plane perpendicular to the dimers,
1(e), and 1(f)]. These configurations include structuresvhich bisects them. We see that the C-C dimer involves
with C atoms either directly below the surface Si dimersthe highest charge density, and that the Si-C bonds involve
or between them. They also include structures with thénigher charge density than Si-Si bonds, but in a polarized
C atoms at first, second, and third nearest-neighbor posthistribution closer to the C atom. In the configuration with
tions. Thus, they encompass a wide range of possibilitiethe two C atoms at nearest-neighbor distances in layers 3
that are likely to occur. and 4 (middle panel on the right column) there is no C-C
The energy of the first configuration is taken to be
the zero of the energy scale in each case. The relative
energy of the remaining configurations is shown in Fig. 2.
The agreement between the first-principles results and
the empirical potential results is quite good: in both | o
cases the configurations with the lowest energy are. -
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FIG. 2. Energies of the configurations shown in Fig. 1 (rela-
FIG. 1. Various configurations of C atoms on and near thetive to the C-C dimerized surface). Filled diamonds denote
Si(100) dimerized surface (see text for details). Large operthe ab initio values. Open circles show the empirical potential
spheres denote Si atoms, while dark small spheres are C atomgsults.
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Average site occupancies are obtainvéa MC simula-
tions using a recently introduced efficient algorithm [5],
which effectively lowers the barriers for diffusion in sys-
tems composed of atoms with large size mismatch. In
this approach, in addition to the usual random atomic
displacements and volume changes, we include identity
switches (from Si to C andice vers3, while keeping the
composition constant. In such switches there is an extra
“exchange” barrier due to the strain introduced by atoms
of one type being placed at sites previously occupied
by the opposite type. Accordingly, each identity switch
is accompanied by relaxation of nearest-neighbor atoms,
which reduces the exchange barrier and leads to equi-
libration much faster than in molecular dynamics simu-
lations. For the MC studies we ugé X 6) supercells
consisting of 18 layers. Most of the simulation runs were
started with the top layer fully covered wiit2 X 1) C
dimers as shown in Fig. 1(a). We equilibrate the struc-
tures by allowing diffusion of atoms (by flips) within the
first eight layers where atomic motion is rapid enough to
establish local equilibrium with the surface, as suggested
by experimental observations [1,2]. We then equilibrate
the first 16 layers to obtain the limiting behavior.

The resulting profile of C atoms for different tempera-
tures and equilibration depths is shown in Fig. 4. The
carbon content is given relative to the value that corre-
sponds to spreading the initial one monolayer of carbon
over 8 or 16 layers. Medium and high temperatures refer
to typical growth(~800 K) and annealing (1500 K) con-
FIG. 3. Charge density plots of various configurations on a_dit_ions' The profile shows certain interesting character-
plane that passes through the surface dimers (three pandBfiC features. As expected, the coverage of the top layer
on the left column) and a plane perpendicular to the dimersith C is drastically reduced at high, reflecting the extra
that passes through their midpoint (three panels on the rightnergy needed to break the strong C-C dimer bond. But
column). the most pronounced feature is that all three curves exhibit

a well defined oscillatory behavior which is characterized
bond. These two C atoms repel each other to a distance by enhancement of C concentration in layer 3 and reduc-
2.66 A. This is remarkable, because it implies that the twdion in layers 2 and 4. Comparison of the two curves at
C atoms prefer to form two Si-C bonds to their Si nearest
neighbors with relatively small distortion of the lattice, at
the expense of not forming two C-C bonds, which would 050
have required a much larger distortion. The absence of C-

C bonds in this configuration is evidently the reason for its
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Next, we calculated the equilibrium composition profile
of the surface layers, which is important in understanding
and analyzing the experimental results. This study will
also determine how feasible it is for C atoms deposited
on the surface to migrate into the crystal. The rate of
diffusion is expected to depend on the initial C coverage,
on whether prior to the migration the C atoms can form
surface dimers, and on the temperature. Because of the
low energy of the C-C surface dimer structure, we cannot . .
exclude the possibility that under certain conditions the 0 Layer
dimerized surface might be realized. Moreover, since th%lG 4 Eauilibri !

o - . . . . 4. Equilibrium surface profile of carbon atoms for
aim is to study the feasibility of producing thin layers with different temperatures and diffusion depths (see text). Carbon

enhanced C concentration, high initial C coverages musfontent is given relative to a hypothetical average layer
be considered. composition. Only the first ten layers are shown.
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medium temperature shows that bulklike limiting behav-bility which characterizes the configuration in Fig. 1(d),
ior is already attained by layer 7. as inferred from the static calculations, is only partially
There are two important aspects of these results. Thevercome by high-temperature effects.
first concerns the diffusion of the adsorbed surface C Finally, we comment on the significance of these
atoms into substitutional subsurface sites. We find thafindings for the problem of growth of highly concentrated
this is done quite easily despite the highly stable, initialC-alloy layers in Si. It has been suggested [3] that
configuration. We have repeated the simulations byf such layers cease to be accessible to diffusion as
artificially preventing the adsorbed C atoms from formingfurther material is deposited on top, they become buried
surface C-C dimers, but allowing the formation of Si-Si orand the relevant geometries are frozen in. In this way,
Si-C dimers. The result is less C on the surface, enhancezhhanced C content in a thin layer can be realized.
diffusion, and a higher C concentration in the subsurfacé&rom the discussion above, it follows that the most
layers, but with the same oscillatory shape of the profileprobable geometry to be frozen in during actual deposition
This rapid migration of C atoms from the top layer is conditions consists of a mixture of configurations of the
in agreement with recent experimental work by Ostertype depicted in Figs. 1(e) and 1(f), with fewer cases
et al. [2] who report that diffusion leads to a narrow layer of the energetically unfavorable configurations typified
of a highly concentrated alloy with a thickness of aboutby Fig. 1(d). Therefore, assuming that tHrgeezing-in
ten monolayers (the experimental composition profile hasnechanism governs the growth of thicker layers, we
not been reported). The role of the reconstructed surfacean conclude that bulk ordering of the type observed
in enhancing C solubility, without the need of raising thein Si;—,Ge, alloys [8,9], having as a prerequisite the
C chemical potential, has been demonstrated by Tersofatter configuration, is rather unlikely. This conclusion
[3]. In that work, the case where C is in the firstis contrary to earlier theoretical predictions [3]. On the
layer was not considered, and the solubility enhancementther hand, the configurations that have C atoms as third-
was estimated using energies of an isolated substitutionalearest neighbors, proposed earlier as most prolimitke
C atom. The behavior of alloy layers with high C geometries [1], will be contaminated with the unfavorable
concentration may elude this simple model. structures to a certain degree, as our MC simulations
The second aspect concerns the oscillatory behavior gfredict. Thus, the real picture of C structures in Si
the C concentration. In general, this behavior is driveris more complicated than either the picture neglecting
by the repulsive interaction between nearest-neighbor Gurface interactions, or the picture neglecting solute-
atoms [1,5], which prevents them from equally populatingatom interactions. This determination of the near surface
adjacent layers. This explains the reduction of C constructure and composition will hopefully instigate realistic
tent in layer 2 with respect to layer 1, or in layer 4 with studies of the electronic properties of this material which
respect to layer 3. The precise profile is a result of aare as yet not well understood.
cooperative effect between the energetic preference of C This work is supported in part by the Human Capital
for the various sites, as found by the static calculation@nd Mobility program of the European Union, No. 0355.
(Fig. 2), and the simultaneous coupling of all geometriesThe work of E. K. is supported by the Office of Naval Re-
(see Fig. 1) while averaging over the configuration spacsearch, Grant No. N00014-95-1-0350; he also acknowl-
during MC sampling. There are, however, further com-edges the hospitality of the Foundation for Research and
plications in this picture that are introduced by the surfacel'echnology-Hellas (FORTH).
reconstruction and have to do mainly with layers 3 and
4. In these layers there are two inequivalent sites, those
below the dimers which are under compressive stress and
thus favorable for_the smallgr atom (in this case C), and [1] H. Riicker, M. Methfessel, E. Bugiel, and H.J. Osten,
those between dimers which are under tensile stress * ppys Rev. Lett72, 3578 (1994).
and thus unfavorable for the smaller atom [8] Now con- [2] H.J. Osten, M. Methfessel, G. Lippert, and H. Rucker,
sidering both layers, this stress-driven mechanism would  Phys. Rev. B52, 12179 (1995).
work well in the dilute alloy limit, or when the interaction [3] J. Tersoff, Phys. Rev. Let#4, 5080 (1995).
among the solute atoms is attractive or at least neutral (ag4] J. Tersoff, Phys. Rev. B9, 5566 (1989).
in Si;—.Ge,). But for the strongly repulsive case encoun- [5] P.C. Kelires, Phys. Rev. Leff5, 1114 (1995); Appl. Surf.
tered here, and for a high concentration alloy, this mecha- _ Sci. 102 12 (1996). .
nism needs modification. Therefore, besides the overalllé] Since we are interested in relatively elevated temperatures,
reduction of C content in layer 4, an additional effect takes W€ assume symmetric C-C and Si-Si dimer configurations,
. . consistent with theoretical and experimental results.
place, that is, a smaller population of C at the favorable

. bel he di d h lati [7] G.B. Bachelet, D.R. Hamann, and M. Schluter, Phys.
sites below the dimers compared to the population at re-" * g, B 26, 4199 (1982).

spective sites in layer 3. At the same time, the population(g] p.c. Kelires and J. Tersoff, Phys. Rev. Le®3, 1164
of C at the unfavorable sites of layer 4 rises and becomes = (1989).

essentially equal to that of the favorable sites. This effect[9] F.K. LeGoues, V.P. Kesan, S.S. lyer, J. Tersoff, and
holds at all the temperatures studied. Obviously, the insta- R. Tromp, Phys. Rev. Let64, 2038 (1990).
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