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We investigate the bulk and surface structure of GE, alloys using Monte Carlo simulations in the
semigrand canonical ensemble, within the empirical potential formalism. We consider free-floating alloys as
well as epitaxial alloys on Si and Ge substrates. The lattice constants as a function of carbon content are
calculated and fitted to quadratic expressions for easy reference. Large deviaggasive bowing from
Vegard's law are found. We confirm the presence of Ge—C bonds and thus of substitutional carbon in the bulk
of the material, for both epitaxial conditions. The most probable bulk carbon-carbon configurations are in a
third-nearest-neighbor arrangement. The surface structure of alloys strained on Ge is characterized by strong
segregation of carbon to the top layers. Segregation is less effective in alloys strained on Si. Most probable
dimer configurations are both C—C and Ge—C dimers, for low carbon contents and Ge-substrate conditions,
and Ge-C dimers for higher carbon contents and both epitaxial condif®d$63-1829)03839-4

I. INTRODUCTION mostly motivated by the desire for band-gap manipulation. In
both cases, experimental efforts aim at producing pseudo-

Semiconductor alloys containing carbon have attracteanorphic layers on or in Si, which are free from extended
considerable attention in recent years both because of a pradefects and can be used in quantum well structures with
tical and a fundamental point of vieWThe quest for elec- strong photoluminescence sigrtalTheoretical efforts fo-
tronic devices that are based on new semiconductor contused on the accurate description of the lattice response upon
pounds demands high quality, stability, and flexibility in carbon incorporation, on the surface structure, and on how
their design. The anticipated properties of such materials arthe band gap is varied with carbon content. Large deviations
supplementary to and even beyond those exhibited by thifom Vegard’'s law, which demands that the lattice param-
more traditionally used materials such as silicon. Incorporaeters and the elastic constants adhere to a linear interpolation
tion of carbon into such traditional materials seems to operscheme of the elemental constants, have been preditted.
some different ways toward this direction, because it offersThese are verified both experimentafiy®and theoretically.
improved mechanical stability, manipulation of the lattice A repulsive Ge—C interactiGnand a preferential arrange-
constant, and the possibility for tailored electronic propertiesment of C atom&® in the Si lattice are found. Surface com-

It is extremely interesting from a fundamental point of position profiles have been calculated and specific carbon-
view to characterize and investigate the properties of thesmmduced reconstructions of the(100) surface are
carbon containing alloys. The greatest challenge is to degiroposed®18The band gap of the alloys seems to decrease
with their metastablenature. In the past, they were consid- with carbon content:® The extent of this reduction and its
ered as hypothetical materials because of the very small caorigins have been recently investigatéd.
bon solubility (=2x10°2 at. %) in the silicon, or germa- Another metastable alloy that can operate as an alternative
nium, lattice under equilibrium conditions. This is due to thepathway for Si-based band-gap engineering, especially at the
large atomic size mismatch and the resulting cost in elasti¢.3-um wavelength region suitable for fiber-optic systems,
energy as carbon is incorporated into the lattice. It is nows the Gg_,C, compound. The solid mixture of Ge and C is
possible to fabricate alloys with carbon contents well abovevery interesting. It is well known from theoretical
the equilibrium solubility limit using nonequilibrium meth- calculation®® that the zinc-blendgZB) structure of the
ods, such as molecular-beam epitaxy or solid phase epitaxgeC compound is unstable toward phase separation into its
which exploit the less constrained environment and thesegregated components at zero pressure, contrary to the very
higher atomic mobility on surfacésThis enhances the solu- stable ZB-SiC alloy. In a sense, this fundamental difference
bility by several orders of magnitude. gives an appealing advantage to nonstoichiometric 38,

The most extensively studied cases, both experimentallglloys compared to the Si, ,GgC, and Sj_,C, com-
and theoretically, are the ternary,Sj_,GgC, and binary  pounds: in the latter case, both the chemical energy and the
Si;_,C, alloys, usually grown on Si substrates. The formersize mismatch contributions to the enthalpy of formation
have attracted considerable attention as an alternative to thead at high post-growth annealing temperatures
well-established and characterized binary, $Ge/Si  (=1100 K) to the formation of ZB-SiC precipitatés??
systent! because they have certain advantages: incorporationhis lowers the energy and relieves the strain. In the former
of carbon into the SiGe lattice can compensate the built-ircase, no similar formation of bulk ZB-GeC is expected be-
compressive strain due to the lattice mismatch with the Stause the large chemical-energy cost overwhelms the strain
substraté;’ and they could also manipulate the band gaprelief. On the other hand, the inherent driving force for de-
and band offset$:'° Research on the Si,C, alloys is composition might lead to strong segregation effects, espe-
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cially at the surface of the material. This issue must be inimolecular-dynamic§MD) simulations. The problem with
vestigated. this approach is that MD techniques fail to reach equilibrium
Ge,_C, alloys have recently been studied experimentallyin practical times because of the extremely slow diffusion in
with respect to growti2® and microstructural the bulk. The surface environment, which in semiconductor
development®?’ bonding characterizatiofi;?® and compounds is inhomogeneous and reconstructed, is also
photoresponsivity® The material is usually grown on Si or problematic. Here, instead of simulating actual diffusion of
Ge substrates. Some marked differences, especially with retoms, we make use of Ising-type flipgtom identity
spect to the bonding characteristics, exist between the twswitches, avoiding the dynamical aspects of the problem.
cases®? A theoretical investigation of the bulk and surface For alloys with relatively small atomic size mismatch, such
structure, and of the electronic structure, is lacking. as SiGe, this procedure is straightforward. For systems with
In this paper, as a first step toward the understanding dfarge size mismatch, as in the present case, the flips are en-
these interesting alloys, we study their fundamental bulk an@rgetically very costly. We overcome this difficulty by using
surface structural properties. We apply the same theoretical recently introduced state-of-the-art MC algorifhimat en-
methodology, utilizing atomistic Monte Carl®dC) simula-  hances significantly the phase-space sampling over the meta-
tions within the empirical potential approach, used successstable configurations of the alloy.
fully before for the study of Si,_,GegC, and Sj_,C, We describe for clarity the central ideas embodied in this
alloys81213161Ne address various issues such as bondinglgorithm. The underlying statistical ensemble is teeni-
characteristicg¢possible types of bonds for different substrategrand canonical(SGO ensemble, denoted ad f,N,P,T),
conditions, lattice constants and deviations from Vegard'swhich was used successfully before in simulations of metal
law, carbon profiles, and possible dimer structures on thalloys®™ and semiconductor alloys3*with small size mis-
reconstructed100) surface. The paper is organized as fol- match. This ensemble allows fluctuations in the number of
lows. In Sec. Il we outline the methodology on which the atoms of each speciékut keeping the total number of atoms
MC simulations are based. The last section gives the resulf¥ fixed) as a result of exchanges of particles within the sys-
and the accompanying discussion, starting with the bulkem, driven by the appropriate chemical potential difference
properties and continuing with the surface properties. (A= pge— mc, in the present cageThe new element in
our approach is that the identity flips are coupled with ap-
propriate relaxations of nearest-neighbamn) atoms, so as
Il. METHODOLOGY to lower the high barriers for diffusion in systems character-

The key point in discussing the bulk and surface proper—Ized by large atomic size mismatch. and make the ﬂips less
ties of such alloys lies in the proper incorporation of substi-COStly- The SGC ensemble can be viewed as a special case of

tutional carbon atoms in the lattice. This requires the identjt€ grand canonical ensemble,/,T) obtained by imposing

fication of the most favorable configurations involving he constraint thal=2;N; is fixed and changing to constant

carbon that minimize the strain. In the bulk case, these gegressuré? The resulting partition functiortonly configura-
ometries are metastable, but segregation of species is rathi@nal pan for ann-component mixture, which couples vol-
inhibited at typical growth temperatures because diffusion i%me changes, atom identity flips, and displacements, is given
very slow. We thus describe them as being in “quasiequilib-"Y

rium.” In the surface problem this difficulty does not arise

N
because the enhanced atomic mobility on and near the sur- Q :ﬁPJ dVe—BPVV_
face establishes instant local equilibrium in the top layérs. sem !
So, at a first level of accuracy, one considers the bulk geom- n N
etries performing statistical ensemble averages over them % E H (ﬁ) If dsNe—BUGEY 1)
and calculating the desired properties. At a higher level of idéntitiesi=1 \ N1 ’

accuracy, one identifies the most probable surface configura-

_ i lksT L Ny
tions, which are then assumed to be frozen in as furtheWherexj=e*i"®e" are the fugacities in the systetd(s"™) is

material is deposited on top and made inaccessible to diffuthe potential energy associated with both atom identities and

sion. This process determines the final bulk structure of th&iSplacements and is a function of thé 3caled atomic
epitaxial alloy film. coqrdmatess, a.nd i=1 |s.the'arb|trar|ly fixed |dent|ty to

In both approaches, the identification of the most favor-hich all chemical potential differencethere aren—1 in-
able configurations must be done in the statistically propefl€pendent fugacities in the systeare referred. _
way. Static calculations on a limited number of configura- 1he implementation of this ensemble for MC simulations,
tions, generated by randomly inserting carbon atoms in th@odified to includenn relaxations, is done through the Me-
lattice, cannot arrive even at a minimum level of equilibra-tropolis algorithm in the following way. The change in the
tion, because they are done at zero temperature, include Ongg)tennal energy of the alloy at a given MC step is a sum of
positional contributions to the free energy, and cannot capt"€e terms:
ture the important aspects of the problem at growth or an-

Ny _ N N N
nealing temperatures. What we need are calculations at finite AU(S) =AU gigp(8"—=8") + AUjp(S7)

temperatures that minimize Gibb’s free energy and simulate + AU g SN—5"N) )
atomic diffusion so that statistical ensemble averages are e '
taken. wheresN is symbolic for the 3l scaled atomic coordinates in

One way to achieve this goal is to simulatetual diffu-  the cell. The first term is the change due to random displace-
sion of atoms in the network. This requires the use ofments, the second is due to identity flips, and the third is due



PRB 60 THEORY OF BONDING, STRAIN, AND SEGREGATION ... 10 839

to the accompanying relaxations. The traditional random , 452 10

atomic moves §'—s'N) and the volume changeg— V'’ @

are accepted with a probability 8T )

Pac=min[ 1,exg — BAW)]~e AWksT, 3 w 6 7
(0]

where 8 a4l |
@

AW= AU gigp(sN ="M +P(V' = V) =NkgT In(V'/V), 5 2f |
4) 2

as in the more familiar isobaric-isothermalN,P,T) en-
semble. For the trial moves that select one oflkhgarticles

at random, and with equal probability change its identity into £
one of the other possible identities of the system, the accep- o)
tance probability is given by g
2
: )\'/ =
PI%eYi—i")=min 1,)\—fexq—3AU(sN)] 3
1 Luo
N <
Ne;BAl’ve_IBAU(S ) (5) —05 L ) 1 I
0.0 0.2 0.4 0.6 0.8 1.0
AU(sN) denotes the change in potential energy due to the Xrel
identity (i—i") flip and the accompanying relaxations, so it _ o S
is the combined effect of the last two terms in E2).. This FIG. 1. Testing the effect ain relaxations in atom identity flips

at 900 K. (a) Variation of switch success rate with the relaxation
parametely . (see text (b) The energy of cluster of atoms affected
nn 3 by a flip move as a function of,,. The zero of the energy scale

Ny — i i/ 0 . .
AU(sN = Ecluste( i —i ',;l 12—:1 AsL(r{)k) —E corresponds to the cluster energy with null relaxation.

cluster
© nearest neighbors is performed. We follow this initial proce-
The energy is estimated over the cluster of atoms affected bgure at every desired temperature in order to get the opti-
the move and the relaxations before and after the move. Eaghum y, for the simulations.
nearest neighbor is relaxed away or toward the central atom For the investigation of certain properties, it is preferable
(which changes identity fromto i’ and is labeled Pin the  to work with a fixed alloy composition. In this case we start
bond directionr . In this way every scaled coordinakis ~ With the SGC ensemble in order to achieve the desired com-

can be expressed more rigorously as

altered according to the scheme positions. We then switch to theN(P,T) ensemble, which,
o _ however, still includes identity flips but in the form afu-
Asl(rl)=Apond by » (7)  tual particle interchangesfrom Ge to C at a randomly cho-
sen site and vice versa at another)sit® that the composi-
Avon=1boi"(0),1 (K) 1= |F o} xrer! [T ol (8) tion is kept constant. This is equivalent to removing the

chemical potential terms in Eq$l1),(5), since there is no
wherebyy is the bulk equilibrium bond length among atoms dependence o x any more but keeping everything else
0 (after the flip andk. In principle, one could chooday to intact including thenn relaxations.
be the bond length associated with the specific environment The rather complicated MC algorithm described above,
at hand. For example, the value lofi, could differ for bulk  with many interdependent kinds of moves, makes it prohibi-
and surface bonds. Provided that flips are followed by a largévely difficult at present to use energigsntering Eq.(2)]
number of random moves and volume changes, to comderived fromab initio or even tight-binding calculations. So,
pletely relax the structures, the initial choice has no effect onhe interatomic interactions in the alloy in the present work
the acceptance rate. The relaxation paramgfgt ranging are modeled within the empirical potential approach, which
from 0.0 to 1.0, decides the extent of the relaxati@m- lacks quantum-mechanical information but allows for much
pressed byA,,,d. There is a drastic increase of switch suc-greater statistical precision and the use of large cells, com-
cess rate, relative to null relaxation, with increasjng. We  pensating in part the sacrifice in accuracy. We use the poten-
demonstrate this effect in Fig.(@ for Ge—C flips at T tials of Tersoff for multicomponent systerfswhich have
=900 K, appropriate for typical growth conditions. The suc-been extensively tested and applied with success in similar
cess rate peaks at~0.7 and eventually drops when the contexts (Si_y—,Ge&C, and Sj_,C, alloys).>**'31®1/ari-
bond relaxes towards its ideal bulk value, due to straining obus predictions made in these works are verified
the backbonds in the neighboring atoms. Figuf®) shows experimentally:**>3” The potentials have been shown, by
the energy gain contributed by the cluster of atoms that areomparison to accuratab initio calculations-® to describe
affected by the flip relaxation move as a functionygf;. A strained configurations very well. The scheme starts with po-
significant gain of~0.4 eV/atom takes place at¢~0.7, tentials for the elemental systems Ge and C. The cross inter-
the value that maximizes the switch success rate, comparexttion is derived from the elemental parameters by interpo-
with the case when a flip is attempted but no relaxation ofation, using a single extra parameter. We have previously
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determined this paramefeby fitting to the enthalpy of for- '
mation AH of the hypothetical ZB-GeC alloy, which was
calculated to be 0.2 eV/atom and shows a strong tendency
for phase separation at zero presstfitThe prediction for a
repulsive Ge—C interaction in the Si lattficés verified
experimentally?’

To perform the simulations, we use supercells of various .
sizes and types with periodic boundary conditions. We use
512-atom cells to study the bulk properties. The cells are
either cubic when simulating the “free-floating” alloythe
material is allowed to take its natural lattice constaoit
tetragonal when simulating the epitaxial alloys, which are
constrained to match the lattice constant of the substrate. For
the surface studies we use (422)-slab supercells consist-
ing of 16 (100 layers(in total 2304 atomswith dimerized
reconstructed surfaces. The boundary conditions are applied
in either all three directions, for the bulk problem, or in the 5.0
two lateral directions when treating the surface problem.

Lattice constants (A)

Ill. RESULTS AND DISCUSSION 4500 01 0.2 0.3

Carbon content x

A. Bulk properties
FIG. 2. Lattice constants as a function of carbon contextt300

Lattice parametersWe first discuss the fundamental issue 7 & - _ i _
K. Solid lines are fits to the point$éa) Free-floating lattice constant

of how the lattice constants of the alloy vary with carbon
y y o- Dashed line follows variation according to Vegard's rule).

content. It is very important to have reliable estimates of th . ) )
lattice constants. Experimental work uses these values, i erpendicular lattice constaras for alloys strained on Géstars
: ’ _and alloys strained on Sdiamonds.

general, to extract the carbon contents from indirect mea-
surementglike Rutherford backscattering, x-ray diffraction, . ) .
or Raman spectroscopyin the absence of theoretical values, OF &. » for each configuration. Averaging over the three con-
it was common to utilize Vegard’s law, which demands thatfigurations givesay, ora, , for eachx. _

the lattice parameters adhere to a linear interpolation scheme TNe results of our calculations for the lattice constants as
of the elemental constants. As mentioned in the Introduction@ function of carbon contentare given in Fig. 2. The tech-

however, we have found in the past strong deviations fronfrologically interesting cases refer to carbon contents that are
this linear rule in other carbon containing alldy23lead- limited to few percent. Here for clarity and improved statis-

ing to overestimation of the carbon content by as much afCS, and for anticipated experimental applications that might
30%. This in its turn has significant consequences on th&'S€ when epitaxial techniques progress, we extend the
correct description of the band-gap variation with carbonf@"g€ ofx to 0.3. Pane(a) gives the variation for the relaxed
contentt? lattice constan@,. We observe a negative deviation from
There are two cases to address: free-floating alloys witty©gard's linear ruleay(x) = (1—-x)age+xac, an effect ob-
relaxed lattice constant, and epitaxially strained alloys Served before in $i,_,GeC, and Si_,C, alloys as
- ; - well.571213This effect is well known for ZB-SiC, where a
with the lateral lattice constamty matching that of the sub- ] ! ’ '
strate, while the perpendicular lattice constantis free to ~ Negative bowing of-0.14 A occurs, and is attributed to
vary. In the first case we have cubic cells, in the second casg'arge transfer from Si _to.é,‘g. The hyp{)thetlcal ZB-GeC
tetragonal cells. To generate the alloys, we start with pure G@lloy shows a similar deviation; 0.11 A: The variation of
cells. The goal is to have a controlled incorporation of supbthe lattice constant witk is very well fitted with the second-
stitutional carbon atoms in the lattice. We choose for this the?rder polynomial
temperature of 900 K, appropriate for typical growth condi-
tions. We then vary the chemical potential difference ag(X)=5.67—2.55+ 0.45¢ 9)
Apge.c, Or equivalently the carbon chemical potential,
to increasing values to obtain the desired carbon contenthat reproduces the behavior at lowquite accurately. We
“Guess” values of the chemical potentials to start with arehave included in the fit the lattice constant of diamond
the cohesive energies per atom of the respective bulk crystal3.57 A, not shown in the figuieThe deviation from linear
mc=—7.37 eVuge=—3.85 eV. behavior is usually quantified in terms of the bowing param-
Most of the properties described in the present work arester¢: a parabolic dependence of the lattice constant on con-
taken at 900 K. For the lattice constants, it is customary t@entration is incorporated by adding the tefiw(1—x) to
present the values at 300 K. Since atom identity flips for thevegard’s law,
generation of cells are rare at such low temperatures, we use
the following procedure. Five different configurations for
eachx at 900 K are generated using the SGC ensemble. Then
we switch to theN,P, T ensemble and average over the cell
dimensions for thousands of MC steps at 300 K to ob&gin =aget (ac—aget 0)x— OX2. (10

a9(X)=(1—X)aget Xac+ 6x(1—x)



PRB 60 THEORY OF BONDING, STRAIN, AND SEGREGATION ... 10 841

Comparison with Eq.(9) yields a bowing parametep 4 .
=-0.45 A. We have found a similar large bowing 6f
=-0.57 A in the case of $i,C, alloys!?

More relevant to experimental work are the perpendicular
lattice constants, of alloys grown pseudomorphically on a
given substrate. Ge,C, alloys are usually grown on
Si(100 or G100 substrates. The results of our calculations
for a, for the two cases are given in pang) of Fig. 2.
Quadratic fits to these points give the following variations of
a, with x. Forag=ag., we have

Aa (1072 A)

a, (x)=5.68—5.14x+ 3.04x>. (11)

Fora;,=ag;, the variation is given by

a, (x)=5.85-4.67+ 0.95¢. (12
Not included in these fits is the point far=1.0, which cor- 40 1 > 3
responds to diamond pseudomorphically strained on Si or Carbon content (%)
Ge. This is not possible to achieve due to the large size
mismatch. Equation(11) and (12) might be useful to re- FIG. 3. Deviations of direct MC results for the lattice constants

searchers wishing to have a direct comparison with theifrom linearly interpolated values at 900 K, as a function of carbon

measurements or to derive lattice data from simple formulagontent. Triangles show the free-floating cadeviation from Ve-

that can be used to extract the concentration of the alloy. 9ard’s rulg. The epitaxial casegleviations from MTE with linear
To quantify even further the nonlinear behavior of lattice @ andc;;’s) are depicted by circleGe substraeand squareSi

parameters, we have calculated the deviations from Vegard@iPstrate Solid lines are fits to the points.

law and elasticity theory at the growth temperature of 900 K.

For free-floating bulk alloys, we calculate the differencenating from thec-Si substrate. Consequent work, instead,
Aag=aY®9—alc, wherea!® is the equilibrium lattice con- found that spectra from alloys grown on Ge substrates reveal

0 . e
stant predicted by Vegard's rule, aa@‘c is our direct Mc  the Ge-C modé&® We checked these issues by examining
the pair distribution functiong(r) in the alloy for both ep-

result. For epitaxially strained alloys, we compute the differ--"* o
itaxial conditions at 900 K. We concentrate at a low carbon

enceAa, =a""™®—alC . In this case the direct MC values ; o e
Lo L content of 2%, appropriate for good quality thin films and at

for a, are compared to linearly interpolated values given by~ . . : - . .
the macroscopic theory of elasticityTE), which the fraction of interstitial carbon is believed to be low.

(At the moment our MC algorithm can treat only the substi-
2C1o(X)  Asupsi—Ao(X) tutional case.The results of this analysis are given in F_lg. 4.

, (13 We see from panel&) and (b) that the C—Ge correlations
C11(X) ao(X) are almost the same in both cases, and that the first peak

with the assumption that;,(x) and c;5(x), the two of the representing th_e Ge_—C bondi_ng in the _Ia_ttice i§ as strong
three elastic constants of the alloy, as well @gx), are when the alloy is strained on Si as when it is stralne_d on G_e.
linearly interpolated from the elemental values. The results>0, We conclude that Ge—C bonds are present also in the first
of the calculations are given in Fig. 3. Significant deviations

are found, even for such low carbon contents and at thic 19 ‘ ‘ ' 10
relatively high temperature, both for the bulk alloys but most _ @
noticeably for the epitaxially strained alloys. As shown
previously!? one can still utilize Eq(13) and get very good
agreement with the calculated’® values, by using the di-
rect values fol, that are easily derived from E¢P), instead

of interpolated ones. Also, from our results it comes out thats
for a fully strained compensated alloy on a Si substrate onez
needs to incorporate-9% of carbon, as can be easily
checked using Eq12).

Microscopic bonding configuration®©ne of the issues of
practical importance is the confirmation of the presence ofZ
substitutional carbon and its relative ratio to interstitial car- <
bon in the Ge lattice. Related to this is the issue of the mi- 0 Lk ,
croscopic distribution of carbon atoms. A commonly used 00 20 40 60 80 00 20 40 60 80
experimental probe of such properties is Raman spectrocopy Distance r (A)

It was observed in recent studies that Raman spectra taken

from Ge _,C, alloys grown on Si substrates do not reveal a FIG. 4. Bulk partial pair distribution functions of a §&Co 02
Ge—C local modé® which signifies the presence of substi- alloy at 900 K. In panel$a) and(c) the alloy is strained on Ge. In
tutional C, due probably to the much stronger Si line origi-panels(b) and(d) the alloy is strained on Si.

a; (X)=ap(x)| 1-

(b)

functions g(

pair distri
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case, but they are not observed in the Raman spectra due to 800

the obstruction from the Si substrate. The average bond —— G8,3,,Cond/GO(100) (@

length at 900 K is 2.05 A. The situation is drastically dif- ooreThe

ferent in Sj_,_,GgC, alloys where Ge—C bonds in the Si

lattice are energetically unfavorable compared to Si—C

bonds® 400
Panels(c) and(d) of Fig. 4 display the C-C correlations

lation with a very repulsive interaction at short distances. (b)
This is marked by the absence of the first- and seaomd-
peaks(as well as of the fifth and eighth pea&nd a strong

enhancement of the thindn peak. Thus, there is a preferen-

Geg,Co03/Si(100)

in the Ge lattice. Again, we see a similarity in the correla- N
tions for both epitaxial conditions, with the peaks a little n;
stronger when the alloy is strained on Ge. Most importantly, % o LV V! . — i s
we observe the same trends as in $i ,GeC, (Refs. 6 and 5 -100 50 00 50 100
12) and Sj_,C, alloys? namely, an oscillatory C—C corre- g 800

]

£

©

o

tial arrangement of C atoms as thinh's, a configuration 400
that minimizes the elastitstrain energy in the lattice.
B. Surface properties NV ERAAY) \ [ Uvy
-100  -50 0.0 5.0 10.0

We now proceed to investigate the surface structure and
properties of Ge_,C, alloys. There are some marked differ- Depth z (A)

ences with the bulk case. FIG. 5. Carbon probability distributions as a function of depth in
Surface composition profilé\s we discussed in the Intro- e
b P slab cells(a) strained on Ge antb) strained on Si. The zero of the

duction, formation of the bulk ZB-GeC phase in {GeCy depth scale is at the middle of the slabs.
alloys is not possible, because the large chemical-energy cos
to form this structure'overwhelms the resultmg'stram re'I|ef.Si17xCx alloys(Ref. 16 that can be explained on the basis of
The surface factor with the much less constrained environghe repu|sive interaction betweem C atoms, which pre-
ment and the lower diffusion barriers offers another possibilyents them from equally populating adjacent layers. The lay-
ity. The lattice elastic energy due to the atomic size misers close to the center of the slab are almost depleted from
match, which is appreciable even in the more frequentlyarbon.
occurring thirdan configurations, could be relieved through  In panel(b) the average alloy is Gg/Cg o3 and is strained
segregation of carbon atoms at the surface region. Lowen Si. In this case, as a general argument, we could say that
energy surface structures might as well contribute to thissegregation to the surface layers is not so effective as in the
mechanism. We investigated the segregation problem bgbove case. The inner layers still possess an appreciable
minimizing the Gibb’s free energy at a growth temperatureamount of carbon atoms. This behavior can be understood
of 900 K, using the SGC ensemble, and identifying the mostonsidering that the Ge layers on a Si substrate are under
probable geometries. For this study we use the 2304-atomompressive stress and carbon serves to compensate this
slab supercells with dimerized reconstructed surfaces.  stress. The degree of segregation is therefore determined by
Let us first examine the probability distributioR$z) for  the competition between the need of Ge—C geometries in the
finding the C atoms at a certain distarcfom the surface. bulk to compensate the epitaxial strain and the attraction of
These are shown in Fig. 5 for two low-carbon-content alloyscarbon to certain energetically favorable sites in the subsur-
and for both epitaxial conditions. The zero of the depth scal¢ace layers. The top layer is much less favored, while carbon
is at the middle of the slab, and the distance is measuredccupancy is rising in the second layer. Also, significantly
from this origin as we move toward the two surfaces of theenhanced are the occupancies in the third and fourth layers.
slab. There are eight layers in each direction. The peaks cen- The work of Kelires and Tersoff can explain these
tered at each layer are broadened due to thermal vibrationfindings®? The surface reconstruction induces large stresses
There are some prominent characteristics in these two pran the subsurface layers. The second layer is under a large
files. In both cases there is a strong enhancement of the susompression £ 0.4 eV/atom) and tends to be occupied by
face layers with carbon and a depletion of inner bulklikethe smaller atom, carbon. This effect is stronger here than in
layers. The extent of this enhancement and the distribution ahe case of a Ge substrate, because the C geometries on the
carbon, however, differ from case to case. top layer are less numerous and the repulsion with second
In panel(a), where the average alloy is §&Lo026and is  layer C atoms is diminished. The overall reduction of top
strained on Ge, we observe a strong enhancement of the tdg@yer occupancy also works for the enhancement in layers
surface layer, indicating a low surface energy for C, a neathree and four. The energetically favorable sites in these two
depletion of the second layét appears only as a shoulder in layers are determined by the surface reconstruction as well.
the tail of the first peak again enhancement of the third There are sites located below the surface dimers that are
layer (but not as much as in the top layeand a reduction in  under compressive stress, and so favorable for carbon, and
layer four. Thus we have an oscillatory behavior similar tosites located between the surface dimers that are under ten-
what has been observed in,Sj_,GgC, (Ref. 17 and sile stress, and so unfavorable for carbon. Indeed, an analysis



PRB 60 THEORY OF BONDING, STRAIN, AND SEGREGATION ... 10 843

10 AR SRR OO 60 OO OO ee ee
0L ] ee OO OO OO OO OO
OO Ce OO 60|00 ee
OO OO ee (Ce | ee OO
OO OO OO €O | OO0 OO

B
§ o 05 Ce ee® OO OO OO €O
2 ——— e OO OO OO OO eO e
g % © 120 (@ . OO OO0 ee ee® OO OO
8 ot | oo . co OO0 OO0 OO OO0 Ce OO
g |10t | OO OO0 OO OO0 OO OO
c OO OO0 OO OO OO OO
0 OO OO0 OO OO OO OO

00 20 40 60 80 00 20 40 60 80

Distance r (A) FIG. 7. Schematic of the average distribution of dimers on the
reconstructed surface of a 9L gp3 alloy strained on Ge at 900
FIG. 6. Surface partial pair distribution functions of a K (ideal positions Large empty circles denote Ge atoms. Small
GQ)_977C0.023 a"oy at 900 K. In pane|§a) and (C) the a||0y is filled circles are C atoms. A Configuration with @) periodicity
strained on Ge. In pane(§) and (d) the alloy is strained on Si. is enclosed in a frame.

of the average site occupancies reveals that this effect is vegtom on the top layer, a Ge atom below in the second, and a
strong at layer three, and somewhat weaker at layer four. F&€ atom in the third layer. On the other hand, the C-C cor-
alloys with a higher carbon content and thus with richer sur+elations in pane{d), the alloy is strained on Si, show much
face layers, this picture is altered, because the reputsive less C—C dimer bondingvery weak first peakand more
C-C interaction forces the occupancy of the unfavorabléulklike third-nn arrangementgenhanced third peakinter-
sites to rise®’ estingly, we see a split second peak aB.0 A, and
These conclusions are further substantiated and elaborated3.5 A. The first of these features arises from configura-
by examining the surface pair distribution functions of twotions of the type C-Ge-C as above, and the second from
alloys with the same composition (G&Co029 at 900 K,  configurations involving a C—Ge dimer-(1.95 A) on the
shown in Fig. 6. The correlations for the alloy strained on Gefirst layer aml a C atom below in the secofthis layer is rich
are plotted in panel¢a) and (c), and those for the alloy in carbon in the Si-substrate case
strained on Si are plotted in pandl® and (d). Comparing Dimer configurationsFinally, we investigate in more de-
the C—Ge correlations first, we observe a weakening of altail the surface structure by examining the distribution of
peaks when the alloy is strained on Ge. Integration of thespecies on the top layer and identifying the types and the
first peak gives an average number of neighbors equal tproportions of the formed dimers. This analysis is quantified
only 2.7, compared to 3.7 for a Si substrate. This confirmsy calculating the average site occupancies at the recon-
that segregation has left little carbon in the inner layers, bustructed surfaces that determine whether a specific site would
also suggests that in the surface layers there is a smallbe Ge or C. The equilibration of the composition is done
tendency for C to bond with Ge and an increased tendency twith the SGC ensemble. The instantaneous identity of each
bond with other carbon atoms. We shall discuss this belowsite changes many times during equilibration. At the end of
The average Ge—C bond length is 1.98 A, shorter than ththe run the average identity is determined. Figure 7 shows
bulk bond length (2.05 A), reflecting the contribution from the resulting most probable dimer configurations at 900 K,
the Ge—C dimers on the top layer. Note also that in péel on one of the two surface layers, of a slab cell representing
there is an extra peak at3.1 A, between the first and sec- an average alloy Gg{Co o23Strained on Ge. This is the case
ond peak at~3.7 A, which is absent from panéb). This  with carbon-enriched top layefthe average layer content is
C-Ge peak arises from geometries of the typeC-Ge, ~20% compared to the average slab content of 2.3é-
where a Ge is attached to a C—C bond, most likely a C—Gides the Ge—Ge dimers, the majority-type dimers, we find
dimer on the top layer. The genuine second bulklike peak athat carbon forms both Ge—C and C—-C dimers. Interestingly,
~3.7 A arises from geometries of the type C—Ge—Ge. the relative ratio of C—C dimers to Ge-C dimers is very
Looking at the C—C correlations, we see further differ-high. On this surface there are nine C—C dimers and ten
ences between the two substrate conditions but also betwe&e—C dimers. On the average, taking statistics on the second
surface and bulk behavior. The most prominent characteristisurface layer of the slab as well, the ratioz}s Note that
is evident in panelc), with the alloy strained on Ge. The when Ge—C dimers approach each other they form configu-
third peak, the main bulk-type C—-C interaction, is drasticallyrations with (2x2) periodicity, which aligns the dimers in
weakened in favor of the second and, especially, the firsbpposite directions reducing the surface stress.
peak, which are completely absent in the bulk. The first peak The surface layers of the alloys strained on Si show a
at 1.5 A, indicates significant C—C bonding, which we an-different picture. Besides the overall reduction of carbon
ticipate to be C—C dimers on the top lay@xplaining the content[see Fig. B)], there is a reduction in the relative
extra C—Ge peak at3.1 A). The second peak at3.0 A, ratio of C—C dimers to Ge—C dimers. The alloy G&, o3
arises from geometries of the type C—Ge—-C, involving a Chas an average top layer carbon contentdfl%, compared
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to the average slab content of 3%, and a ratigsofThe ratio  energy overwhelms the strain-energy cost. In our case, for
is even more reduced with increasing average carbon contetiw carbon contents, this mechanism works for Ge-substrate
in the slab. So fox larger than~0.05, the ratio falls to%, conditions since the surface region is nearly strain free, and
no matter what the substrate condition is. The explanatiothe C—C dimer bond is much stronger than the Ge—C dimer
for the overall ratio variations lies in strain energgrsus bond. It does not work so effectively for Si-substrate condi-
chemical-energy considerations. We have found previdUsly tions because the surface region is already under consider-
that C—C dimers on the surface of;Sj_,GgC, alloys able epitaxial strain(the Ge layers are tetragonally de-
strained on Si are nearly absent, despite being the strongestrmed, and formation of structures inducing further strain
chemical bonds, because their formation requires largés not likely. Note that the necessary relaxations to accom-
atomic relaxations in the neighborhood and induces considnodate a dimer involve not only atoms on the top layer but
erable strain. Instead, Si—C dimers are favored because th@jso atoms in the subsurface layers. When the carbon content
induce less strain. In general, we can say that C—C dimersn the surface layer rises, the formation of an excessive num-
are acceptable only under conditions that provide a signifiber of C—C dimers costs more in strain energy than gain in
cant relief of surface stress, and when the gain in chemicathemical energy, and the Ge—C dimers are then favored.
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