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We present a theoretical study of bond-length and angle variations in relaxed, epitaxially strained, and
amorphous Si ,Ge, alloys. Our approach is based on Monte Carlo simulations, within the semigrand-
canonical ensemble utilizing Ising-like identity flips, and in conjuction with energies calculated using the
empirical potential of TersoffPhys. Rev. B39, 5566 (1989]. The method offers great statistical precision
enabling us to extract clear variations through the whole composition range and for all types of bonds. Our
simulations show that in relaxed crystalline alloys, where the lattice constant takes its natural value, bond
lengths depend on compositiorand that these variations are type specific, in agreement with recent experi-
mental studies. Similar type-specific variations are found for the angles and the second-nearest-neighbor
distances. This analysis also reveals that the negative deviation of the lattice constant from Vegard's law is
mainly due to radial, and not angular, relaxations. In the epitaxially strained alloys, bond lengths decrease with
x due to the two-dimensional confinement in the growth layers, in good agreement with predictions based on
the macroscopic theory of elasticity. The dimer bond lengths at the (100)tfZeconstructed alloy surface
remain nearly constant, and they are elongated with respect to the bulk values. In the amorphous alloys, we
unravel a remarkable behavior of bond lengths at the diluteXadley limit, characterized by strong relax-
ations and elongation. Furthermore, the bond lengths decrease with increasing Ge content. We offer an expla-
nation of this effect based on the analysis of the enthalpy of formation of the amorphous alloy.
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[. INTRODUCTION crystalline and amorphous alloys. However, since the latter
are less rigid, they accomodate strain due to size mismatch
There has been considerable discussion in the last temore efficiently, and so local relaxation effects might be-
years about bond-length variations in SiGe alloys, instigatedome more pronounced.
by both practical and fundamental reasons. Crystalline Itis well known that thec-Si; _,Ge, mixture is a thermo-
Si, _,Gg, alloys and heterostructures have by now been esdynamically stable random alloy at room temperature, at all
tablished as an important semiconducting system, integrategbmpositions, obeying regular solution theory very closely.
on Si technology, with band-gap engineering capabilities, ads shown by theoretical simulatiois? this mixture phase
a high-speed component in electronic devices, and witlseparategunmixes into Si-rich and Ge-rich phases below a
promising optoelectronic propertiésThe advent of multis-  critical temperaturd ;=170-200 K, because it has a small
tacked, self-aligned quantum nanostructufdety with a  but positive enthalpy of formation~«7 meV/atom for the
strong photoemission signal adds further to this interest. Th80%-50% composition®’ In practice, phase separation is
knowledge of the local structure is essential to elucidate thdindered due to the negligible diffusion at such low tempera-
above properties. The question of how the bond lengths vartures. Regarding the amorphous, SiGe, alloys, we have
with alloy composition is probably the best probe of changegound recentl§ that the topological disorder of the amor-
in the microstructure, and can be directly studied with ex-phous network totally suppresses the unmixing behavior
perimental techniques. For similar reasons, amorphoufong-range segregatipnYet, some remnants of this ten-
Si; _,Ge, alloys, widely used in solar cell applications be- dency are manifested through local clustering of homopolar
cause the optical gap can be easily tuned, need to be studibdnds, even at elevated temperatures, rather easily accomo-
in this respect. dated in the less rigid amorphous network, but not seen in
The subject is of fundamental interest too. In general, thehe stiffer crystalline environment because clustering induces
local structure of an alloy, as a function of the composition,large local strains. Evidence for such deviation from chemi-
is controlled by the interplay between the strain, due to thecal randomness in the amorphous alloys is provided by re-
size mismatch of the constituents, and the chemical energgent experimental work.
that favors one type of bond over the oth&?dn the case of Much of the discussion about the composition depen-
large size mismatch and strong heteropolar bonds, this intedence of bond lengths in SiGe alloys, and the related changes
play dictates chemical ordering; the fraction of heteropolaiin the local microstucture, has been concentrated on the re-
bonds is maximized and consequently strain is minimizedlaxed crystalline case. In the theory of alloys, conventionally
This is the zinc-blenddZB), strain-free case of SiC and two extreme competing limits are considered to describe the
GaAs. In the case of small size mismatch and weak hetbehavior of bond lengths and angles.
eropolar bonds, all possible types of bonds are present, in (i) The Pauling limit®in which the bond length between a
general, with a tendency for randomness, and strain is accgiven atom pair is the sum of the constituent-element atomic
modated through bond-length and- angle distortions. This isadii and thus is fixed, independent of composition. In this
the case that interests us here. These principles hold for bottase, bond bending is energetically favored over bond
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stretching, and so strain is accomodated by bond anglagreement with experimeft*Venezuelaet all’ calculated
changes. aji* 's that vary with the type of bond, but less than what has
(ii) If bond stretching is favored, the alloy reaches thebeen found experimentally. They've also quantified the
Vegard limit;* in which all bond lengths have the same valuenegative deviation of the lattice constant from Vegard's law.
and vary linearly as a function of composition, accomodatingyu et al!® claimed to have found type-dependent variations
the strain, while bond angles are fixed. too, but no effort has been made to fit the variations and
Intensive work over the years has made it possible to gegxtract rigidity parameters, and their conclusions are not so
a rather clear picture about relaxeebiGe alloys. It is be- convincing. Summarizing, we could say that in relaxed
yond any doubt that the lattice constant as a function ot-SiGe alloys, bond-length variations are likely to have a
composition does not follow an exact linear relation as Vegpartial Vegard-like character and be type specific, but this
ard’s law demands, but has a slight negative deviation. Thigssue is not yet fully understood.
was first pointed out experimentally by Dismuletsal 12 and Less understood are amorphous and epitaxially strained
confirmed by further experimental wotk-*® From the the-  SiGe alloys. Thin films o&-SiGe grown pseudomorphically
oretical point of view, negative deviations have been foundn Si substrates, i.e., grown below the critical thickness for
by the empirical calculations of Kelires and collaboratrs, relaxation and introduction of misfit dislocations, are con-
and more recently bgb initio calculations-”*¥ The work of  fined to have laterally the Si lattice constant and so they are
de Gironcoliet al?, instead, found positive deviations from in a metastable strained state. They have important applica-
Vegard's law. Regarding bond-length variations, while somdions in SiGe devices as quantum wells and it is essential to
earlier experimental x-ray-absorption fine-structQxaFS) understand how strain is accomodated. Woieikal 2? per-
investigation$®~2! suggested that bonding is at the Paulingformed extended XAFSEXAFS) experiments on a strained
limit, more recent refined XAFS studies?~?*showed defi-  Si, ,dG&,,; alloy, and found that Ge-Ge and Ge-Si bond
nite signs of non-Pauling behavior. The work of Aubry lengths might be even shortéwithin the error barsthan in
et al’® is the most detailed of these studies. The importanthe unstrained dilute= 0 limit. It is extremely interesting to
outcome of this investigation is not only that bond lengthsexamine whether such behavior, that is, shrinkage of bond
depend on composition, though rather weakly, but also thatngths upon increase of Ge content in epitaxially strained
the variations are type-dependent, i.e., the slopes of the lineatloys, persists over the whole composition range, and also to
fits to the Si-Si, Si-Ge, and Ge-Ge bond lengths as a functiostudy the Si-Si variation. Such an investigation, either ex-
of composition are dinstinctly different. A similar, but less perimental or theoretical, is lacking.
firm, type-dependent variation for the Ge-Ge and Si-Ge first- Regarding amorphous alloys, EXAFS experiments re-
shell distances was reported by Ridgvetyal,>* and for the  ported composition-independent bond lengths for both
Ge-Ge distance by Aldrickt al?® hydrogenatetf 3* and nonhydrogenatél samples. One
A number of theoretical studies have been devoted to thisnight argue that a Pauling-limit behavior would be the result
subject. Earlier work at the empirical or semiempirical of the less rigid character of the amorphous network that
leveP52528 found compositional dependence of all threepermits larger bond-angle variations, keeping the bond
types of bonds, in the form of three equally spaced, parallelengths fixed at their natural values. However, Mousseau and
lines. In a significant contribution to the problem, Thorpe Thorpe, in the only theoretical work on this, pointed But
and co-worker§ ?° set up the theoretical framework and that a rigidity parametea** =1 requires a completely flex-
offered a quantitative analytical treatment of the bond-lengthble network, and this can only happen through the introduc-
variations, supplemented by simulations with the Kirkwoodtion of excessive amounts of hydrogen, much more than seen
harmonic interatomic potentid?. The central ingredients of experimentally. The argument does not apply to the
this theory are embodied in a single paramettt, theto-  nonhydrogenatéd samples anyway. Instead, their mddel
pological rigidity parameterwhich represents the response predicts composition-dependent bond lengths, but not type
of a certain lattice to a radial displacemeixpansion or specific, with the sama** =0.707 as they predict for the
contraction from a central atom, and is an indication of its crystal. This implies the same local rigidity in the amorphous
rigidity. This theory assumes that all the force constants aralloy as in the crystal. In view of recent calculations of local
the same. The values af* could range from 0 to 1. When rigidity in our group®3’ we think that this issue requires
a** =1, the lattice is flexible, so every bond adjusts to itsreexamination. The more recent experimental work of Ridg-
natural length, and we have the Pauling limit. Whett way et al?* claims composition-dependent bond lengths, but
=0, the lattice is perfectly rigid, so all bonds adjust theirthe trends are not so clear because of the huge error bars.
lengths to a common value to fit within the unit cell deter- Also, a very recent experimental work by Chapneiral 3
mined by a given lattice constant, and we are at the Vegardn samples grown with glow discharge and studied with EX-
limit. Mixed behavior is indicated by intermediate values. AFS claims composition-independent lengths, but the re-
Within this theory, it was proposed that* =0.707 for SiGe ported curves seem to indicate a different behavior, as we
alloys?®3! showing a partial Vegard-like character which is discuss below.
independent of the type of the bond, in agreement with the We present in this paper a detailed theoretical/
other calculations®?>?put in contrast to the latest experi- simulational study of bond-length composition dependence
mental results. in all three categories of SiGe alloys discussed above: re-
Two recentab initio calculation$”*®have reported results laxed, epitaxially strained, and amorphous. We performed
about type-specific bond-length variations, in qualitativeMonte Carlo simulations, offering great statistical precision,
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within the empirical potential approach. For the relaxed crys- AW= AUdispI(SN*)S,N) +P(V'=V)—NkgT In(V'/V).
tal, we confirm that bond lengths depend on composition and 2
are slightly type specific, extracting the relevant rigidity pa- CN ‘ . . .
rameters. For the strained and amorphous alloys, we unrav pe ntlaltztlgrs d%note’?l the scar:ed ato_m|t(;] COOI‘SIH?’[(TS n
in both cases an inverse composition-dependent behaviof'© ¢©"- disp(S”—S"") IS the ¢ ange n the potential en-
characterized by decreaseof bond lengths with increasing ergy .Of the alloy due to the atomic dlsplacgments. The trial
Ge content. We also calculated in the strained case the dim&f€ntity moves are accepted with a probability

bond lengths at the SiGe surface, a controversial issue, and

. . . . ) Niv
compared them with previous experimental and theoretical Pg‘cec"(iﬂi'):Min 1,—'exp[—,8AU(sN)]
results. The paper is organized as follows. In Sec. I, we Ai
outline our simulational methodology. In Sec. lll, we give _ eBAugBAU(SY) 3

the results of our simulations and discuss their implications.
We start with the relaxed alloys, then study the strained alAU(sM) denotes the change in the potential energy due to
loys and the surface-dimer problem, and finally investigatehe identity {—i") flip, and\;=e*i’*eT are the fugacities in
the amorphous alloys. In Sec. IV, we give our conclusions. the system. We start with chemical potentia}ss=
—4.63 eV anduge.= — 3.85 eV(the cohesive energies of the
respective bulk crystalsand soA = —0.78 eV. This yields

Il. METHODOLOGY ~50%-50% composition. We then vatyu in either direc-

The key element in the theoretical discussion of SiGe altion to achieve the desired composition.
loys is the proper statistical equilibration of the system. Sta- In certain cases, it is preferable to work with a fixed alloy
tistical accuracy is even more important for the present probcomposition. In that case we start with the SGC ensemble in
lem, characterized by a narrow window within which bond order to achieve the desired compositions. We then switch to
|engths are expected to Vary«O_OS A), and given the |arge the N-P-T ensemble WhiCh, however, still includes |dent|ty
error bars reported in the experimental papers. It is thus ddlips but in the form ofmutual particle interchangegfrom
sirable to minimize as much as possible the fluctuations i€ to Si at a randomly chosen site aride versaat another
the theoretical work in order to arrive at consistent resultsSite), so that the composition is kept constant.
clear trends, and firm conclusions. The large number of MC moves involved in the simula-

We achieve this goal by equilibrating the binary systemtions makes it computationally impractical to equilibrate the
with Monte Carlo(MC) simulations. The appropriate statis- SGC ensemble usingp initio or tight-binding energies. We
tical ensemble underlying the simulations is #emigrand therefore model the energetics of the binary alloy using the
canonical (SGO ensemble, used previously with success inempirical potential approach. We use the model potential of
simulations of both crystallifé324and amorphotisSiGe ~ Tersoff (TF) for Si-Ge system§’ extensively tested and ap-
alloys. In this ensemble, denoted asu(,N,P,T), and for a plied with success in similar context§:*°Its form is a direct
genera| mu|ticomponent system, the total number of atomgeneralization of that for the elemental SyStemS Si and Ge.
N, the pressurd®, and the temperatur€ remain fixed, but The potential is fitted so as to reproduce the enthalpy of
the number of atoms of each species is allowed to fluctuatiormation (AH=8.9 meV/atom) of the ZB SiGe alloy, as
through Ising-type identity flips, which convert with equal Calculated by Martins and ZungéThe 50%-50% random
probability the identity of a randomly chosen atom into onealloy comes out to haveaH = 7.3 meV/atom, compared to
of the other identities of the system. These flips are driven byhe experimental value of 6.5 meV/atdrihe recentb ini-
the appropriate chemical-potential differenced u(=pus; 0, plane-wave based, work of Venezueital™’ reported
— pee, in the present cageand lead in the ergodic limit 4.8 meV/atom for this, while theab initio molelculf_;lr-
(several 18 moves to compositional equilibration. In addi- dynamics work, with a local orbital basis, of “at al: ® did
tion, we have exchanges of volume with the heat lath-  Not report any value. _
ume movey as well as the traditional MC moves involving ~ The potential describes strain effects and heteronuclear
random atomic displacements. Thus, the SGC ensemble c&@nding reasonably accuratélf*In particular, it predicts
be considered as a combination of the grand-canonical ar@j Negative deviation from Vegard's law for the lattice con-
the more familiar isobaric-isothermaN-P-T ensemble. Stant. This is a crucial test that a theoretical method has to
Within this framework the MC simulations account fully in a Withstand when applied to the present problem. The devia-
unified way for positional and configurational contributions tion from linear behavior is usually quantified in terms of a
to the free energy. bowing parametel: a parabolic dependence of the lattice

For the implementation of the SGC ensemble we use th€onstant on concentration is incorporated by adding the term
Metropolis algorithnf* The traditional random atomic 6X(1—Xx) to Vegard's law,
moves §N—s'N) and the volume changeé—V’' are ac-
cepted with a probability ao(X) =(1=x)asi+Xaget+ Ox(1-x)

=agi+ (age—agi+ 0)x— OX2. (4

Pacc=Min[1,expg — BAW)], D The variation of the lattice constant withcan be fitted with

a second-order polynomial and then be compared with the
where above equation. As found previousRhis yields a bowing
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2.46

the first minimum in the respectivgag(r). For all three
correlations and for the TF potential, this minimum lies in
the region 2.7-2.8 A. Extending,; to 3.0 A has a negli-
gible effect on the results. Alternatively, one can extract the
bond lengths from the most probable values indke), i.e.,
from the peak positions, instead of the average values de-
fined above. This alternative way gives somewhat less
smooth variations than the first method, but the overall re-
sults are practically the same.
It is evident from Fig. 1 that there is a partial Vegard-like
character in all three bond-length variations, signifying com-
. . . . position dependence, but overall the bonding is rather close
0 62 04 06 08 1 to the Pauling limit. To quantify this and check whether there
Ge fraction is any type-specific dependence, we extracted the topological
FIG. 1. Variations of bond lengths with Ge fraction in relaxed gidity parameterai’i* for the three types of bonds. Follow-
c-Si,_,Ge, alloys at 300 K. Circles denotRg; s;, squareRs;.ce, ing Venezueleet al, " one can simply define these param-
diamondsRg..ge, and triangles the mean bond length. Lines are fitseters as
to the points.

2.44 ¢

242

240

2.38

Bond Length (A)

2.36 g

2.34

ai* =1- L (6)
parameterd=—0.01 A, for the TF potential. Although this (R&—R)
is lower than the experimental value ©0.027 A/ the trend
is clearly followed.
To perform the simulations, we use supercells subjected t
periodic boundary conditions. The cells are either cubic, wit
4096 atoms, when simulating the relaxed crystalline alloy

where ¢;; is the slope of the curve for a given type of bond,
nd R, and R, are the equilibrium bond lengths for pure
ulk Si and Ge, respectively, also calculated at 300 K. This

Sdefinition is equivalent to Thorpe’s, which does not however

and the amorphous alloythe system is allowed to take its differentiate between different bond types because of the use
natural dimensions or tetragonal, with 4032 atoms, when of the same force constants. We find a slight type-specific

simulating the strained epitaxial alloys which are constrainedléPendence of bond lengths, with af*'s being close to

to match the lattice constant of the Si substrate. To simulat'e value of Mousseau and Thorpa*{ =0.707). Specifi-
the amorphous network, we use cells obtained by relaxingally, we find agg=0.741, agi;=0.726, and agie.
with the TF potential the atom positions and volume of the=0.712. Compared to experiment, our value for the Ge-Ge
Wooten-Winer-Weair (WWW) models as constructed by bond is in very good agreement with both the values reported
Djordjevic et al*® This kind of cells is proven to be an ac- by Aubry etal. (0.70 and Ridgwayet al. (0.72. For the
curate representation of the structural properties of amorSi-Ge and Si-Si bonds our values are lower than the experi-
phous semiconductors. They do not contain coordination denental onegAubry found 0.84 and 0.94, respectivglyndi-
fects, which are present in the TF amorphous models formegating more Vegard-like behavior. This is more evident for
by quenching from the liquid, and so the calculated boncthe Si-Si bond, which Aubret al.found nearly insensitive to

properties are not blurred by the presence of defects. composition. _ o
Our results are quite close to thd initio values of Ven-

ezuelaet al. (0.73, 0.69, and 0.65 for the Si-Si, Si-Ge, and
Ge-Ge bhonds, respectivelyThese authors pointed out that
A. Relaxed crystalline alloys the large error bars in the experimental results, especially for

We first present our investigation of the relaxed crystal—f[he Si-Si and S"G*e* Ponds, m|ght_have put some unce_rtalnty
s. The ab initio molecular-dynamics

line alloys. Figure 1 shows the variation of bond lengths as & the respectivea;” 1€ ¢ -
function of Ge content, calculated at 300 K. The bongWork of Yu et al., while claiming type-dependent variations,

*% 3

lengths are calculated by averaging over thousands of corflid not extract the;™ 's from them, so it is hard to compare.
figurations, leading to smooth and well-defined variationsFrom @ visual inspection of their curves, it looks like the
They are extracted from the partial pair distribution functionsG€-G€ bond has more Pauling character than the Si-Si bond,
9sislr), gsiadr), and geecdr) (not shown here For a  Something quite unexpected. The trend in our results as well
given pairAB, the bond length is defined by as in the _results repor_ted_ by _Venezu«flaa_ll. and Aubry
et al, despite the quantitative differences, is clear: the most

Reut sensitive bond to the changing alloy environment is the
J rgag(r)dr Ge-Ge bond, while the Si-Si bond is the least sensitive. This

0 (5) behavior can be explained in terms of the weaker and less

Reut stiff character of the Ge-Ge bond compared to Si-Si and
fo Gag(r)dr Si-Ge bonds.

To quantify this notion, we refer to the elastic moduli of
whereA(B) denotes the type of atom, ai,; is the cutoff  the elemental Si and Ge crystals and of the hypothetical ZB
radius that limits the search for nearest neighbors, taken &8iGe alloy*® which reflect the stiffness of the Si-Si, Ge-Ge,

Ill. RESULTS AND DISCUSSION

Rag=
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The type of atom in the middle shows the vertex atom. End
atoms define the pair of NNN atoms whose distance is cal-
culated. There are six possible curves which get divided into
two well-separated groups corresponding to the type of atom
at the vertex. There is clear composition dependence of all
curves. Their ordering is in perfect agreement with the re-
sults of Mousseau and Thorpe. However, while the theory of
these authors assumed the same slope for all six curves, a
close inspection of our results shows a slightly different
slope for each curve. This indicates a type dependence of the
NNN distances on composition. It is weaker than the corre-
/ sponding one for the bond lengths, but well defined and sys-
o5 Y o1 10 17 tematic. It can be quantified using corresponding rigidity pa-
E (ev) rametersaj; for the NNN distances. These are defined in a
way similar to thea®* s as
FIG. 2. Bond-energy probability distributions in relaxed
c-Sip<G& 5 alloys at 300 K. The solid line denoteBX?, the Oijx
dashed lineE2279, and the dotted lin&29nd. afy =1-

P(E)

: (7
(ROGeGeGe_ RgiSiSi)
and Si-Ge bond, respectively. All elastic constants, and thghere g

. ij
bulk *m*?dulus, were found to decrease in the same order q§cS>iSiSi and RoGeGeGeare the equilibrium NNN distances in

theajj™ 's do. An alternative way, which is more appropriate bulk Si and Ge, respectively. The values of ﬂTﬁt 's range
for the environment of the random alloy where all kinds of &0 0 47 for the Si-Si-Si distance to 0.49 for the Ge-Ge-Ge

bonds are present in different proportions, is to extract th%listance, with the other correlations taking intermediate val-

bond energieshat reflect the strength of each bond in the ues. We thus observe a reversal of the behavior seen in the

random matrix. Bond energetics are readily defined withi ond-length variation case: The Si-Si-Si NNN distance has
the empirical formalism we use, by decomposing the total

hesi f the allov i bond buti q ore Vegard character than the Ge-Ge-Ge distance. This can
conesive energy of the alloy into bond contributions. Bqn be explained by considering that the former triplet involves
energies depend on the local environment and thus a distry, ) si_si honds. Since these bonds have more Pauling char-
bution arises. We show in Fig. 2 the probability distributions

bond : . - h acter, they relax more by bond bending rather than by bond
for bond energies at 300 K, for=0.5. Integrating over the  qyetching. Bond bending is reflected in changes in the angle

distributions, or from the peaks, yields the average Val”eséubtended by the two bonds. Both modes of relaxation
E2Nd=—23 eV, ERNO=—21 eV, ER=—-1.9eV. We - : : -

SIS o e - ' —GeGe : : (bending and stretchingffect the NNN distance, but it turns
see that thej™ 's decrease in the order of descending bondgyt that bond bending is slightly the dominant factor, making
strength. _ ~ the Si-Si-Si distance more sensitive, on the average, to the

Itis also interesting to calculate and analyze the variationghanging environment than the GeGeGe distance. The latter
of the next-nearest-neighb@NNN) distances as a function s associated with two Ge-Ge bonds which have more Vegard
of composition. The only theoretical work on this comescharacter than the Si-Si bonds, relax more by bond stretch-
from Mousseau and ThQ_fﬁé,Wh”e there are no experimen- ing, and so the NNN distance acquires more Pauling charac-
tal data on these quantities. Our results at 300 K are plotteghy.
in Fig. 3. Each distance is associated with a triplet of atoms. gyrther insight is gained by looking at the variations of

bond angles with composition. These are shown in Fig. 4 for

ik Is the slope of the curve for a given triplet and

4.02 all six triplets. Similarly to the bond lengths, the bond angles
4.00 | 0 .4, are mean values extracted from the partial bond-angle
398l distribution functionsg,g,(6), not shown here, using the
o H
> 506 | expression
(]
§ 394f
8 892 Jegaﬁy(e)da i
% 3.90 Osisisi 1 By . ( )
OsisiGe gaﬁy(e)da
Zz 3.88 | $GeSiGe 7
@ SiGeSi
3.86 e ] The bond-angle variations get divided into three well-
3.84 5 3 Y 5 3 1 separated groups, characterized by a certain trend in the de-

viations from the tetrahedral angle: the deviation®afs;s;
and O gigegiare always positive, while those @fgegegeand

FIG. 3. Variations of next-nearest-neighbor distances with Ge® gesice@le always negative. Th@ gisice and O sjgege Varia-
fraction in relaxect-Si; _,Ge, alloys at 300 K. Lines are fits to the tions have a mixed behavior, with both negative and positive
points. deviations, the crossover taking placexat0.5.

Ge fraction
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Ge fraction

FIG. 5. Mean bond-length difference from the Vegard value as a
function of composition. The inset shows the negative deviation of
the lattice constant from the Vegard value. Lines are fits to the
points.

FIG. 4. Bond-angle variations with Ge fraction in relaxed
c-Si;_,Ge_ alloys at 300 K. Lines are fits to the points.

The same overall trends have been found byeYal,®
but there is an important difference which becomes transpar- i )
ent atx=0.5. At this composition, we find that the positive @ Study of the composition dependence of bond lengths is
deviations overwhelm the negative deviationd @ggg V€'Y Nard to achieve. However, some EXAFS stutfies
=0.75°, A@gees=0.66°, while AO geece —0.65° and hz_ive reported Si-Ge and Ge-Ge_ _bond Ig}gth_s in thin films
A® .= —0.69°). This confirms our above notion that with low Ge content X=<0.3). Woicik et al.>* indicated that
triplets involving Si-Si bonds are subject to more bond bengPond lengths are as small if not smaller than in the unstrained
ing than triplets involving Ge-Ge bonds. However, dtal. dilyte x_=0 limit. An explanation of thisl gffect was given
found that the negative deviations outweigh the positive!SiNg Simple arguments based on elasticity thédon the
ones. This difference leads to a different interpretation of th&ther hand, a direct theoretical study of the compositional
origin of the negative deviation from Vegard's law in the dependence of bond lengths in thin strained SiGe films is
lattice constant. There are two possible contributions to this2cKing- _ _ L
(a) the negative deviations of angles from the tetrahedral W& have carried out a detailed study of epitaxially
value, andb) the negative deviation of the mean bond lengthStrained SiGe alloys, following the methodology applied for
from the mean Vegard length. Our investigations show, ofhe relaxed alloys, which covers the whole composition
the average, positive angle deviations, so the effect is detef@n9€ and all types of bonds. The computational cells are
mined by the overwhelming negative deviation of the mearstr@ined on SL00). They are tetragonally distorted, i.e., bi-
bond length. On the contrary, ¥t al. attributed the effect to @Xially compressed in thel00 plane, forced to take the Si
a net negative angular deviation, while their average bondftice constant, and uniaxially expanded in {a60] direc-
length presumably shows no deviation from the Vegarot'on to accomodate the strain due to the lattice mismatch. We
value. use periodic boundary conditions in all directions. The bond

We can demonstrate that factdb) is the dominant I_engths extrgct_ed this way are appropriate f_or the bulk por-
mechanism for the reduction of the lattice constant in theions of a thin film.(Surface effects are considered below
following way. We show in Fig. 5 the mean bond-length Thg re_sults of our investigations, at 300 K, are summa-
difference from the Vegard value as a function of composiJiZ€d in Fig. 6. All bond lengthslecreasemonotonically, as
tion, and in the inset the negative deviation of the latticeG€ IS added, from their dilute=0 limit values through the
constant. The two are correlated through the relation betweef{'0l€ concentration range. Analysis of the individual slopes
bond length and lattice constant in the diamond lattic® of the curves shows that practically, within the limits of our
— (\3/4)Aa,. At x=0.5, where the deviations are méxi- calculations, there is hardly any type-specific variation, as in
mized AR=0.—O 0011 A ,This yields a\a,= —0.0026 A, a the case of the relaxed alloys. Epitaxial strain seems to su-
value ’very clos.e to Wﬁat we have cal?:ulated directﬁ%ze press this subtle effect. The amount of contraction of all bond
insed. Thus, we conclude that indeed the radial relaxation i;engths, from the values at=0 to the values ak=1, is

responsible for the negative deviation in the lattice constant, 0-01 A. Itis qu_ite sma!l compa_lrgd 16:0.025 A for the
relaxed alloys. This explains why it is difficult to detect such

variation by EXAFS, and why it has been assumed that the
bond lengths are independent of Ge concentrdfidvever-

Contrary to the relaxed alloys, strained epitaxial alloys ardheless, the effect is clearly revealed by our simulations:
not so well studied or understood. This is partly becauseghere is compositional dependence, it is systematic for all
pseudomorphically strained films, which are grown belowtypes of bonds, and persists over the whole range. On the
the critical thickness for relaxation and introduction of misfit other hand, the average bond length in the strained cells
dislocations, present problems for EXAFS measurementsmoothly increases, as expected, reflecting the expanding
due to the limited thickness.Thus, a full range experimen- normal lattice constant.

B. Pseudomorphically strained alloys
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244 - - - - opening of angles produces the expansion of the normal,
while the overwhelming shrinkage of in-plane angles pro-
duces the small contraction of bond lengths.

Another related, and quite controversial, issue concerns
the dimer bond lengths at the surface of strained SiGe alloys.
In the case of a single monolayer of Ge or{180), x-ray
standing-wave measuremelt®ound asymmetric Ge dimers
with a bond length of 2.60 A, while EXAFS measureméhts
indicated symmetric dimers with a bond length of 2.51 A.
The finding of elongated dimers, with respect to the bulk
crystalline Ge-Ge bond length, is in sharp contrast to the

- - - I S shortened dimer bond length at the clean Si(100%-12
0 02 04 06 08 1 surface, borne out by the majority of experimental and the-
Ge fraction oretical work. On the other hand, calculations based on the

FIG. 6. Variations of bond lengths with Ge fraction in strained local-density approximatidii=>* (LDA) for Ge:Si(100)-(2
c-Si;_Ge, alloys at 300 K. Circles denot@s, ;, squareRs.ce, X 1) found asymmetric Ge dimers with a shortened bond
diamondsRee e and triangles the mean bond length. Lines are fitslength of 2.39 A. Note, however, that the consideration in
to the points. Stars show the MTE predictidisee text this type of calculations of higher-order reconstructions gives

longer bonds. For example, for &2x2) cell the bond

This picture confirms the experimental result of Woicik length is found to be 2.48 A2 and for ap(2x2) cell,
et al? about contracted Ge-Ge and Si-Ge bonds in &.51 A 5®
strained §j ;4501 alloy, and generalizes it by including We have investigated the more general issue of how the
Si-Si bonds as well, and by extending it to the whole com-dimer bond lengths vary at the ;SiGe, :Si(100)-(2x1)
position range. As shown nicely by Woicit al,?*“® such  surface, as a function of Calculations are done at 300 K.
bond-length contractions in strained films can be accounteWe used slab cells with (21)-reconstructed surfaces.
for by the macroscopic theory of elasticitMTE), which  Dimers are symmetriqAt elevated temperatures dimers os-
leads to the following expression for the contraction of acillate between opposite orientations giving rise to an aver-
given bondAB: age symmetric configuration.For the clean Si(100(2
X 1) surface, the empirical potential used here gives, at 0 K,
a dimer bond length of 2.34 A, slightly shorter than the bulk
value. Average site occupancies, which determine the type of
dimers formed on the surface, and the resulting average
wherer 55 is the epitaxially strained bond-lengtt is the  gimer bond lengths are calculated during severd P
relaxed bulk bond-length valu€,,ea, is the mean bond-  atom-identity flip moves.
length value in the relaxed cellightly deviating from the The variations of the Ge-Ge and Ge-Si dimer bond
Vegard valug rg; is the bulk Si bond length, anci; andcy,  lengths as a function of are shown in Fig. 7. Due to the
are cubic elastic constants of the allery close to a linear limited thickness of the slab celld4 layers from the center
interpolation of the elemental elastic constanthis expres-  of the slab towards each surface deviates from its bulk
sion assumes the same contraction for all bonds, since thelue. It rather refers to a near surface composition. So, even
second term on the right-hand side is constant for a given at low values of the so-definexithe Ge population at the
a hypothesis validated by our results. Using this expressiosurface at this temperature is overwhelmfnBecause of
along with our calculated values for the relaxed bond lengthshis, Ge-Ge dimers are much more abundant than Ge-Si
and the interpolated elastic constaiitsing the elemental dimers, and Si-Si dimers are practically absent. There are
values determined by the Tersoff potentiale can extract two important aspects of these results. First, we observe that
rag- The results are shown in Fig. 6. The agreement of thdoth bond lengths are nearly independent of composition,
simulational results with the analytical MTE values is excel-contrary to bulk bond lengths that either increase withe-
lent for most of the composition range, giving further sup-laxed alloys or shrink (strained alloys This can be ex-
port to the notion of contracted bonds in strained alloysplained by considering the less rigid surface environment
Only at highx there is some deviation from the MC results, that permits greater freedom in bond-angle relaxation, lead-
but this is towards even more contracted bonds. ing to Pauling behavior. Indeed, it was shown by Mousseau

In the tetragonally distorted epitaxial configurations,and Thorp&* that the topological rigidity parametea**
strain is accomodated not only by these small bond-lengtsharply increases, becoming very flexible, near and at the
contractions but also by bond-angle changes. Actually, theurface layer of SiG&00). Although their result referred to a
latter are dominating. Analysis of bond-angle deviationsnondimerized surface, the effect is present at the more real-
from the tetrahedral value in our cells reveals that bondstic dimerized situation as well.

242
2.40

238

Bond Length (A)

2.36 4y

2.34

2

C12
Arzr,’\B—rXB=—§<1——

_ .0
Cll)(rmean rSi)v (9)

angles within th€100) planes(in-plane decrease, while out- The second important result of our calculations is that we
of-plane angles increase relative to the tetrahedral value. THend elongated dimers with respect to the bulk values, even in
ratio of in-plane to out-of-plane deviations is abougXimi-  the (2x1) reconstructed surface. The Ge-Ge dimer is on the

lar ratio is proposed also by WoigikThus, the out-of-plane average~2.5 A long, and the Si-Ge dimer bond length is
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FIG. 7. Variations of dimer bond lengths with Ge fraction in FIG. 8. Variations of bond lengths with Ge fraction in amor-
strainedc-Si; _,Gg, alloys at 300 K. Diamonds denofse.geand phous Sj_,Ge_ alloys at 300 K. Symbols stand as in Fig. 1. Lines
squareRg;ge. Lines are fits to the points. are fits to the points.

~2.43 A. (For the appropriate corresponding to 1 ML Ge rameter as for the crystal. As far as we know, the only ex-

coverage we actually findge.o=2.49 A). These values are perimental work that proposes composition dependence

in excellent agreement with the experimental results of Oy—(S: ?un;esbgfmeﬁédg\:éaﬁtr a(le. e;l;glrsblzrg inrj(i[]ee rrenceean;ulrzéf‘gz_ee
anagi et al*® for dge.c{2.51 A), and of Cheret al>® for y g

dge.s(2.43 A). The latter work is for 0.1 ML Ge coverage. and Ge-Si lengths, especially in the latter. The Si-Si bond

For this coverage we findg..s=2.433 A. Our finding of length has not been studied.

elongated dimers is also consistent with the experimental The results of our simulations are given in Fig. 8. We
9 47 . P remind the reader that the values are statistical averages over
work of Fontesetal,”” and with a more recent x-ray-

: : . . several 10 of configurations generated by atom-identity flips
diffraction study® of Siy sG&, 5 alloys on G€100), reporting L
doe.c=2.69 A, but it seems that these two works overesti” the amorphousWWW) network, so the statistical accu

mate the elongation of the Ge-Ge dimer. For the bond peracy is ensured. Our simulations unravel a quite unexpected

. . . composition-dependent variation of bond lengths. Instead of
tween a Ge atom belonging to a surface dimer and a Si atori]ﬂcreasing all bond lengths decrease from their dikuted
in the second layer, we find a length ef2.4 A, again in '

- . limits as the Ge content increases. Note that atXovalues,
agreement with Oyanagit al.

On the other hand, our results contradict those based othe Ge-Si and Ge-Ge bond lengths become unusually long,

: . ) . ; Mdicating large relaxations not seen in the crystal. The
(D lcuatons at predct e contacton of Bt e ourwar rnd o bond e ersists trough e whoe
capture quantu.m-mechanical effeétharge transfer asab composition range, yet aI_I bond Iengths_ remain longer than
initio methods do, but it treats strain effects very well Both.! the crystal.((_:ompare with values in Fig.)1This reflects
effects are expec’ted to influence the dimer bond Ienéths Ithe lower density of thg amorpho_us network. Also note that
addition, our statistical method is superior in effectively sar.n-I N rg}ean bc;n_g I(ta_ngtr: m;:rzases Imearlly, tvr;/hne the |fnd|\£|k:jual
pling the alloyed surface. Also, the disagreement of LDA engths contributing to it decreasas is the case for the

) ) . . . rain I well This i ibl he mean
results on this subject with most experimental work is coun-St ained alloys as wg S is possible because the mea

terintuitive. Perhaps more accurate approximations of expOnd length is a weighted average reflecting the lattice con-
' PS pprox . stant of the material, which increases with
change and correlation, such as the generalized gradient

ap- CEn X

2 : To get some insight into this effect, we need to analyze
proximation, are needed to address this problem fronathe the thermodynamics of the alloy. The central quantity is the
initio point of view.

enthalpy of formation at zero pressure, defined as the total
energy per atom taken with respect to the energies of equiva-
C. Amorphous alloys lent amounts of its amorphous constituents

Finally, we consider bond-length variations in amorphous . _ . .
SiGe alloys. As we pointed out in the Introduction, the main AH(a-Si;-,Ge) =E(a-Si ,Ge) —(1—X)E(a-Si)
debate in this case is whether bond lengths are composition- —xE(a-Ge). (10)
ally independent or not. All early EXAFS experiments re-
ported composition-independent bond lengths® contrary ~ For consistency, the energies of the allggnerated with the
to the theory of Mousseau and Thofpevho proposed SGC proceduteand of purea-Si anda-Ge are calculated
composition-dependent lengths with the same rigidity pausing the same network topologghe WWW model. As we

195209-8
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g 30 where{ug} is the displacement field of all atoms in the net-
g Ll P work due to relaxations, leading to bond-length and -angle
S - \iEelasﬁc changes. The sum of the elastic and relaxation terms is usu-
2 10| . AE ally referred to as strain energy. The enthalpy of formation of
= [N o S the alloy AH(a-Si; _,Ge) is the sum of these three contri-

-% 0 gfeese o butions. Since we can calculate the total quantity using Eq.
E ol (10), then by calculating\E 5s:[EQ. (11)] andAE pem[EQ.

L \ AH £ (12)], we can extracAE, ¢y through Eq.(13).

S _20 \, S Figure 9 shows the variation of the total
oy AN K AH(a-Si; _,Gg,), along with the decomposed contributions,
,cf -30 ) . e AE g as a function of the Ge content. The energies are calculated
Wm0 e gt at 300 K. The elastic energy is a significant part Aol

contributing~ 22 meV/atom ak=0.5. The chemical energy
contributes less. For its calculation we took #fthe excess

bond energythe value of~4.5 meV (to which the Tersoff
potential was fitted At x=0.5, AE;pen=3.8 meV/atom,
somewhat smaller than the value of 4.1 meV/atom calculated
by Bernard and Zung@ifor the crystalline random alloy at
this composition using the method of cluster expansions and

FIG. 9. Variation of the total enthalpy of formation and of the
decomposed contributions with Ge fractionaiSi, _,Ge, alloys at
300 K. Lines are fits to the points.

have shown previousf,AH(a-Si,_,Ge,) takes negative . : . : ;
values for all Ge contents, indicating the stabilization of thekeeplng the first two interaction energigactually, Eq.(12)

amorphous alloy with respect to phase separation into it& _equivalent to keeping only one term in the expansion,
P y P P P vhich converges very faktThe difference between the crys-

amorphous constituents, at all compositions and temperé(v ) T i .
tures. This is in contrast to the crystalline alloys that aretal and the amor_phous case has its origin in Fhe relative ratio
predicted to phase separate under thermodynamic equili f Si-Ge k()Jondso in the network. The crystal is random, and
rium at low T's.*~® We proposed that the intrinsic strain as- or the 50%-50% aIonNa/.N= 1. quyever, the amprphous
I{edloy, as we showed previouslyexhibits a substantial clus-

sociated with the local disorder in the amorphous network™ "™ h lar bond i . tint diat
suppresses phase separation, as epitaxial strain supprests,ee@g of homopotar bonds, with a maximum at intermediate
compositions. SoN,/N is always less than 1 andE .,

separation in crystalline alloys. takes lower values

We can extract individual contributions to - . .
AH(a-Si; _,Geg,) following the procedure of Gironcoli, Gi- The remarkablg fmdmg_ of this analysis IS that the energy
annozzi, and Barori,which was applied to the crystalline gained by relaxation is quite large, and so it compensates for
! ’ o 6he elastic and chemical energy costs, and leads to negative

values forAH that stabilize the amorphous alloy. Compared
(i) For a givenx, the “sublattices” of purea-Si anda-Ge to the crystalline random alloy having a strain energy

— 3
with the proper amount of Si and Ge atoms are isotropicallyt2 Eelastt AEreiax) €qual to 2.4 meV/atom at=0.5," the
deformed from their equilibrium atomic volumés, s and ~amorphous alloy has a strain energy 6f.4.5 meV/atom,

three steps taking place sequentially.

Q... to take the desired volume of the alléy. This costs OVerwhelmed byAE eiay. This shows that contrary to the
an elastic energy cry;tal, where the network is stl_ffer, the amorphous alloy
easily accomodates large relaxations that lower its enthalpy
AEelasl(X-Q) = X[ Ea—Ge(Q) - Ea—Ge(Qa—Ge)] +(1- X) of formation.
The large energy gain from relaxations explains the be-
X[Ea-si() = Eas(Qasi)]. (11)  havior of bond lengths at the dilute-alloy limilow x). To
. ) L ) make it transparent, we expreadf, .., as the relaxation
(ii) The alloy with COmPOsitiorX Is formed by pla_cmg the energy gain per formation of a heteropolar bond. In this way,
appropriate numbers of Si and Ge atoms at the |deta:|e_- the energy gain is properly weighted since heteropolar bonds
laxed positionsR of the amorphous WWW network with  oyict i different proportions asvaries. The network locally
volume €. An average distributiorjorg} in this unrelaxed  rg|5ye5 to accomodate the creation of a Si-Ge bond, and also
network is obtained by generating thousands of configuras; gj ang Ge-Ge bonds are, by correlation, also affected.
tions through Ising-type identity flips. This costs a Chem'calFigure 10 illustrates this analysidE, ., is plotted relative
energy to the value ak=0.5. We clearly see large energy gains at
N low x indicating that a significant relaxation of bond lengths
AEchen{{UR},ideam)zﬁa@ (12 and angles in this region sharply reduces the strain energy.
(Bond-angle changes show similar behayiofhe energy
whereN, is the number of Si-Ge bonds in the céllis the  9ain declines ax increases and reaches a minimumxat
number of atoms in the cell, andlis the excess Si-Ge bond =0.5; then it rises again, but it is considerably lower at the
energy.(iii) In the final step, the atoms are allowed to relax Ge-rich region, explaining the relatively small relaxations in
to their equilibrium positions, gaining a relaxation energy the highx dilute-alloy limit.
The asymmetry occurs because it is easier for a Si-Ge
AE ¢jax= E{or}{ugt, Q) —E({og},ideal)), (13)  bond, and consequently a Ge-Ge bond, to relax in a Si-rich
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-9 shows clearly that the Ge-Ge and Ge-Si, especially, bond
8 | lengths decrease with) as we predict. These authors consid-
- ered the variations as independent of composition within
= - their statistical accuracy, but we believe that the trend is not
o 6 accidental. In fact the reported slope of the Si-Ge curve
= 5} agrees remarkably well with the slope of our curve. We hope
g 4l that our work will instigate further experimental studies on
< this subject.
g 37 Regarding the elongated Ge-Ge bonds at thexailute-
9 2 alloy limit, note that we have found elongated Ge-Ge dimer
L | bonds at the strainectSiGg100) surface as well, and such
o ° )
| bonds have been seen experimentally. Thus, such elongated
0 0 0.2 04 06 0.8 1 bonds are not so odd and point to a similarity between the
Ge fraction two cases. The less rigid the network the more extensive are

the bond relaxations which relieve strain and lower the en-

FIG. 10. Relaxation energy per heteropolar bond as a functiorérgy_ The amorphous network is less rigid than the bulk crys-
of Ge fraction ina-Si; - Ge; alloys at 300 K, plotted relative to the 5| 3nd can accomodate large relaxations to relieve the intrin-
value atx=0.5. Line is a fit to the points. sic strain. Similar less rigid situations occur at the surface of

the strained alloy, and the Ge-Ge dimer bond length relaxes
environment than at the other end. This comes from the corto values larger than the Pauling value because this relieves
sideration of the two terms at the right-hand side of @4).  the epitaxial strain.
It costs more elastic energy to deform #&i sublattice, and
thus the Si-Si and Si-Ge bonds, to alloy volumes character-
istic of a Ge-rich host than to deform theGe sublattice in a
Si-rich host, as shown by the analysis of the elastic energy We have presented a comprehensive study of bond-length
into the two contributions in Fig. 11. Also, the minimum in variations, and of related issues, in SiGe alloys. All three
the energy gain due to relaxationsxat 0.5 can be explained alloy systems of interest, i.e., relaxed, epitaxially strained,
by an “available-space” argument: a lonely heteropolar bondand amorphous were considered. Our theoretical approach
can relax easier in the dilute-alloy limit rather than in thewas based on Monte Carlo simulations, within the
stoichiometric network with strong spatial correlations be-semigrand-canonical ensemble utilizing Ising-like identity
tween heteropolar bonds. flips, and in conjuction with energies calculated using the

The remarkable decrease of bond lengths with increasingmpirical potential of Tersoff. The statistical accuracy of this
x predicted by our simulations needs to be verified by experimethodology enabled us to extract clear variations through
mental work. A step toward this is made by the very recenthe whole composition range and for all types of bonds.
work of Chapmaret al3® who have grown samples with the ~ We found that in crystalline alloys, which relax to their
rf glow discharge method and analyzed them with EXAFS.natural lattice constant, bond lengths depend on composition
This method of growth is close to thermodynamic equilib-x in a way rather approaching the Pauling limit, and that this
rium, and so the results from the analyzed samples can beariation is type specific, in agreement with recent experi-
readily compared to our MC results. This experimental workmental studies. An analogous analysis is done for the second-

nearest-neighbor distances and the angles. We found that the
25 . . . . negative deviation of the lattice constant from Vegard’s law
is mainly due to radial, and not angular, relaxations.

In the epitaxial systems, bond lengths decrease xithe
to the two-dimensional confinement in the growth layers.
Our simulational results are in good agreement with predic-
tions based on the macroscopic theory of elasticity. The
dimer bond lengths at the (100)2X 1)-reconstructed alloy
surface remain nearly constant, which is consistent with the
more flexible behavior of the surface environment, and they
are elongated with respect to the bulk values. This is in
agreement with most experimental results but in disagree-
ment with LDA calculations.

In the amorphous alloys, we unraveled a remarkable be-
havior of bond lengths at the dilute-alloy limit, characterized
by strong relaxations and elongation. An analysis of the ther-

FIG. 11. Variation of the elastic energy and its decomposednodynamics of the alloy shows that this effect has to do with
contributions with Ge fraction ira-Si;_,Ge, alloys at 300 K. @ complicated energetics compromise between the compo-
Circles denote the total, diamondsE,.g., and squareAE,.g;. nents of the enthalpy of formation of the alloy. The latter
Lines are fits to the points. remains always negative, favoring stability, contrary to the

IV. CONCLUSIONS

20 |

15

10

AE,, . (meV/atom)

0 02 04 06 08 i
Ge fraction
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crystalline random alloys where it is positive. This is driven
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