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Molecular-dynamics study of surface segregation in liquid semiconductor alloys
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We report the results of a molecular-dynamics study of the surface tension and surface profile of liquid Si
and Ge ¢-Si and/-Ge) and their alloys using empirical Stillinger-Weber potentials. The calculations are
carried out at two temperatures slightly above the melting temperatures of Si and Ge and the giGgs Si
and S ,Geg g. They show clear evidence of surface segregation by Ge, the component with the lower surface
tension.[S0163-182607)05843-9

I. INTRODUCTION of 216 atoms. Our calculations, also based on empirical po-
tentials, provide strong evidence for such surface segregation
It is widely believed that the surface tension of liquids is based on simulations of 8000 atoms.
strongly affected by impurities. An impurity with a lower ~ We treat the liquid alloy using a set of empirical two-body
surface tension than that of the host will have a tendency t@nd three-body interactions of the form originally proposed
migrate towards the surface, thereby lowering the surfac®y Stillinger and WebetSW).° These interactions have the
tension and hence the free energy of the mixture. Conconvenience of being independent of density. They also give
versely, a high-surface-tension impurity is expected to mi-2 reasonable approximation to the structure factors in the
grateaway from the surface, again so as to lower the freeliquid state, which have unusual shoulders on the principal
energy of the mixture. If the difference in surface tensions igPeak thought to arise from bond-angle-dependent interatomic
sufficiently large, or if the two components have only aforces. While they do not give good accounts of many prop-
slightly negative free energy of mixing, this tendency mayerties, such as electrical conductivity, which obviously de-
actually be sufficient to cause the two components to phaseend on electronic degrees of freedom, they can be used to
separate — for example, a low-surface-tension impurity mayreat large disordered systems. In the present work, we treat a
exist mostly as a surface layer. Even when the difference igample of 8000 atoms with two free surfaces; if it were nec-
surface tensions is not large, this effect may still be sufficien€ssary, much larger systems could actually be treated using
to cause an excess of low-surface-tension impurity, or a defthe same methotf. To calculate the surface properties, we
cit of one with high-surface tension, near the liquid surfaceUse a standard molecular-dynami@¢dD) approach in the
Con\/incing evidence of such surface Segregation is tim@resence of a free surface. The surface tension itself is com-
consuming to obtain in numerical simulations. In order toputed as an integral over appropriate elements of the surface
use standard methods, such as Monte Carlo or moleculafiress tensor, while the partial density profiles near the sur-
dynamics simulations, one must deal with free surfdoss-  face are calculated as MD averages.
ally two free surfaces Because of this inhomogeneity, itis ~ We now turn to the body of the paper. The next section
necessary to treat relatively large systems in order to obtaifummarizes both our model and the numerical techniques
numerically convincing results. In addition, one must useused to implement it; a more detailed description can be
various tricks to make sure that the system ends up in afpund elsewheré’ The following section presents our re-
equilibrium configuration, and that the various quantities ofSults, which are then discussed briefly in the concluding sec-
interest(such as density profiles and surface tensicare  tion.
calculated as suitable equilibrium averages.
In this paper, we carry out a simulation of a much studied Il. MODEL AND METHOD OF CALCULATION
liquid alloy, Si,Ge;_,, using standard empirical potentials
and a simulation system of 8000 atoms, in combination with
molecular-dynamics techniques. We have chosen this system We treat the Si-Si, Si-Ge, and Ge-Ge interactions as a
for several reasons. First, both its bulk and its surface propsum of two-body and three-body interactions of the form
erties are of considerable experimental interest, especiallytroduced by Stillinger and WebéfThese interactions may
because of the role of these materials in processing the cobe written in the form
responding solid semiconductdfs. Second, numerous cal-
culations have been carried out in both the liquid elements
and the alloy€-23These calculations use a variety of mostly ~ ©~ ,E<J efa(rijlo)+
numerical techniquegsuch as Monte Carlo and molecular
dynamic$ in combination with both empirical potentials and wheref,(x) andf;(X1,X,,X3) take the form given in Ref. 9.
ab initio interactions derived from density-functional theo- The form of® depends on the parametergwhich governs
ries of electronic structure. Finally, an earlier calculatibn, the strength of the two-body potentiab- (which describes
using empirical potentials and Monte Carlo algorithm, gave ghe range of that potentigland\ (which measures the rela-
hint of such surface segregation in a small-scale simulatiotive strength of the three-body and two-body potentidis

A. Empirical potential for interatomic interactions

2 Aefa(rilorlonda), (1)

i<j<k
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TABLE I. Stillinger-Weber parameters for Si-Si and Ge-Ge in-  TABLE Il. Results of simulations for bulk’-Si and/-Ge. T
teractions. The Si-Ge parameters are obtained from these as deenotes the average temperature inLKis the edge of the simula-

scribed in the text. tion cell, in A; p is the densityyP) is the average pressure; and

(E,) is the average internal potential enerdy.denotes an en-

e (eV) o (A) by semble average.
Si 2.315 2.0951 21 Property Liquid Si Liquid Ge
Ge 1.74 2.215 19.5
T=1700 K T=1900 K T=1300 K T=1500 K

L (A) 53.364 53.437 55.732 55.897
the present calculations, we use values for these parameterdg/cm’) 2.455 2.445 5.778 5.521
taken from our previous work on the self-diffusion coeffi- (P) (10> GPa  —3.08 1.19 2.04 2.45
cients of liquid Si and G& These values are shown in Table (E,) (eV) —4.0504 -4.0051 -3.1195 —3.0851

I. For the Si-Ge potential, we use the geometric mean of the
Si-Si and Ge-Ge values ferand\, and the arithmetic mean

for o, as described in our previous papér. ~ ensemble in order to maintain zero internal pres$ui all

It may be useful to comment on the reasons for our choicemperatures[This ensemble is appropriate in the presence
of the parameters, A, ando in the Si-Ge potential, since of periodic boundary conditions, because it corresponds to
this choice has a strong influence on the degree of surfagge actual state of the bulk systemith P = 0).] At the end
segregation in the quuiq. First,l this choice has been m_ade b¥t this cooling, an additional 15 ps oN(P,T) simulations
several other groups in studies eblid surfaces of SiGe  are carried out aP=0, and the average size of the simula-
alloys™~" Similarly, in simulations of mixtures using ton hox is obtained over the last 10 ps of these simulations.
Lennard-Jones potentials, there is a time-honored tradition of once these calculations are completed, we switch to MD
choosing Fhe ge_ometric mean for the strength parameter simylations in the I,V,T) ensemble, using velocity-
and the arithmetic mean for the range paramet&tin anal-  rescaling method to equilibrate the kinetic energy to the de-

ogy with our choice here. o sired temperatures. AnN(V,T) ensemble is appropriate
On a more basic level, our choice is reasonable, though

difficult to derive from first principles. If we take th@ver-
simplified view thato is an effective hard-sphere diameter,
then the effectiver between unlike atoms would indeed be

the arithmetic mean of those between like atoms, as assume
here. As for the choice of geometric averaging for the
strength parameteesand\, we note only that such a choice

is rigorously justifiable for the tf part of a Lennard-Jones
potential: in that case, the strength of the attractive tail is —~
proportional to the products of the polarizabilities of the two =,
interacting atoms.

Clearly, it would be useful to have some explicit way of
testing the validity of this approximation. An ideal test
would probably involve a comparison of the three partial
structure factors, as calculated from our potentials, to experi-
ment. Such a calculation could readily be done, but at
present, no experimental data appears to be available for
comparison. We note also another, though not very demand-
ing, requirement satisfied by the potentials: the bulk liquid
alloy described by these potentials is stable against phase
separation, in agreement with experiment.

B. Calculational procedure and geometry of simulation cell

Our calculations make use of a standard MD procedure. =
We use an 0.5 fs MD time step to integrate Newton’s equa-
tions of motion, using the standard velocity-Verlet
algorithm®° All the simulations are initialized in a bulk crys-
talline state in the diamond structure, containing 8000 atoms
and with periodic boundary conditiodBBC’s). These simu-

lations begin at 2500 K for Si and 2100 K for Ge, and the 00 0 & 0
system is then gradually coolddt a rate of 100 K/3 psto k (1/A)
final values of about 1700 and 1900 K fgrSi and about

1300 and 1500 K for’-Ge. As the system is being cooled,  FIG. 1. (a) and(b) Pair distribution functiorg(r) and structure
we continuously perform MD simulations in theN{P,T) factor S(k) for /-Si at 1700 K, as obtained by MD simulation.
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25 : , , : : : : achieved, it is easier to collect MD simulation results in the
(N,V,E) rather than N,V,T) ensemble, since the equations
of motion are then fully deterministic. Our simulations show,
however, that the temperature fluctuates very little in the
(N,V,E) ensemble — by less thaf® K — implying that we
would have attained similar results even if we had continued
to work in the (\,V,T) ensemble in the last part of the
simulation. Results from the last 10 ps of the$¢ \(,E)
simulations are used to obtain the average internal potential
energy(E,), and the average internal press(rs.

We use the configuration obtained from the bulkV/,E)
simulations after 5 ps as the starting point for the pure liquid
slab simulations. Thus, after 5 ps, we remove the periodic
boundary conditions from the two opposite faces of the
simulation box in thez direction, so that the system has two
free surfaces facing the z directions. We then run MD in
the (N,V,T) ensemble(again using the velocity-rescaling
algorithm for 5 ps to equilibrate the slab system to the tem-
perature of the corresponding bulk liquid. Then we switch to
MD simulations in the N,V,E) ensemble for 25 ps, using
the final 20 ps to calculate various averaged properties, in-
cluding the internal potential energy, the surface stress ten-
sor, and the surface tension.

After completing the slabN,V,T) MD simulations just
described, in addition to carrying ouN(V,E) MD for the
pure liquid slab systems, we also begin new simulations for
liquid slabs containing impurities. In the liquid Si slab, we
replace 20% of the Si atontse., 1600 atomssby Ge atoms;

10 12 14 16 18 20 and in the liquid Ge slab, we replace 20% of the Ge atoms by
k(1/A) Si atoms. Following these replacements, we first run 5 ps of
MD simulations in the N,V,T) ensembldgwith velocity res-
caling to equilibrate the system to the temperatures of the
corresponding pure slab systems. Then we switch to
(N,V,E) MD simulations, in order to study various phenom-
here, because a simulation at fixed pressure is not feasiblna arising from impurity segregation.
with free surfaces — the liquid would undergo an unphysical A natural concern in these seemingly high-temperature
expansion in the direction of the free surfaces. These simwealculations is that some of the atoms might start to evapo-
lations are carried on for 5 ps, using the previously obtainedate from the free surfaces. However, in all of our slab simu-
average simulation cell si2¢. lations, not a single atom was ever observed to evaporate

Finally, we switch to MD simulations in theN,V,E) from any free surfaces, even though some of the simulations
ensemble for 15 ps. This last switch is done purely for calwere run for as long as 0.2 ns. Another possible concern is
culational convenience: once thermalization has beethat the slab might bend during the simulations, since there is
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FIG. 2. Same as Fig. 1, but fef-Ge at 1300 K.

TABLE llI. Results of simulations for slabs of puré-Si and pure/-Ge. T is the average temperature;
L is the simulation cell edge in the horizontal directige., L2 is the area of the free surfacdE,) is the
average internal potential enerdigs) is the average surface energy,, oyy, ando,, are components of
the surface stress tensor; andis the surface tension. The quoted error is an estimate of the statistical
uncertainty involved in calculating, as obtained using the procedure of Ref. 30.

Property Liquid Si Liquid Ge
T=1700 K T=1900 K T=1300 K T=1500 K
L (&) 53.364 53.437 55.732 55.897
(E,) (eV) —4.0068 —3.9649 —3.0846 —3.0522
(Eg) (eVIA?) 0.1225 0.1127 0.0899 0.0843
(o0 (1072 eVIA?) 3.04 2.89 2.34 2.52
(oyy) (1072 eV/IA?) 2.86 2.82 2.20 2.44
(0,9 (1072 eVIA?) 0.08 0.01 —0.02 0.19

(y) (1072 eVIA?) 2.87+0.11 2.85-0.17 2.29-0.08 2.29-0.09
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(a) Liquid Si at 1700 K (c) Liquid Ge at 1300 K
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FIG. 3. Density profilep(z) for slabs of pure liquid semiconductors with two free surfaces, calculated by MD simulations as described
in the text. The densities are normalized to the atom number densities of purg{8illand/-Ge at the temperatures showa) and (b)
/-Si at 1700 K and 1900 K(c) and(d) /-Ge at 1300 K and 1500 K.

no constraint preventing such bending. But for the samplesystems. Although the summation runs over all the atoms in
sizes considere(bf linear dimensions about 55)Ano such  the volume, the primary contribution comes from atoms near
bending was ever observed, presumably because of the vetlye surface, so that this expression remains finite even if the
large energy required to produce bending in a sample of suckample is very thick.

small area.
C. Calculation of surface stress and surface tension Il. RESULTS
The surface tension of the liquid is most easily calcu- Our results for pure bulk liquid Si and Ge, all carried out

lated directly from the interatomic interactions, i.e., using thewith 8000 atoms, are shown in Table II, and in Figs. 1 and 2.

mechanical expressions for the surface stfé3$Thusy is  The empirical potentials predict a small positive coefficient

computed from of thermal expansion far’-Ge and virtually no thermal ex-

pansion for/-Si, possibly because of small deviations in the

calculated pressure from zero. The principal peak in the

structure factor of’-Ge shows a shoulder on the higtside,

, in agreement with experiment.

Hefe thea%ﬁ s are components of the surface stress tensor, In the temperature range we have exploredfesi and

defined by /-Ge, roughly from the melting temperatures to about 1000
1 ppf 1 K higher, the position of this shoulder is nearly independent

Tap="— _z ML I _E (rBfe+refby |, €) of temperature though the shoulder gets weaker as the tem-

S5 m; 45 S perature is increasedhis behavior is not shown in the fig-

. - ure, however. The strength of the shoulder is quite sensitive
where @,5)=(xy.2), Sis the surfgce areay; andp; are to the choice of parameters of and \. For the present
the mass and momentum of ataq; is the distance from  choice of parameters, the SW potential predicts a shoulder in
atomi to j, f;; is the force on atom due to atonj, and both  Si which is too strong, in comparison with experiménitén
the summations over andj run over all the atoms in the the experiments, this peak is a shoulder rather than the sec-

1
Y= E(Uxx"_ Oyy™ 20;,). ¥l
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FIG. 4. Density profilepgi(z) and pgd2) for two concentrations and two temperatures as indicated in the legends. The densities are
normalized to the atom number densities of pure host bulki and/-Ge at the temperatures shown.

ondary peak as hereagreement between theory and experi-/-Ge are monotonic. We believe that the small oscillations
ment for Ge is good. A similar quality of agreement has beerseen within the interiors of the slabs at all temperatures are

shown in our previous papérusing the SW potential with  simply the consequences of not having run large enough sys-
the same parameters, and in the work of many othe

91021 tems for long enough times. As evidence for this conclusion,
groups.=> . ) we note that earlier simulations run on the same model but
The structure factors of-Si and _/'G%j}g‘l’gzg'so been yith only 216 atom& show much larger oscillations.
calculated by manyab initio simulation$%%19*and the The most striking results of our simulations are shown in
?ﬁ:ﬁlttss gl'ehr:ee?”ry agreet\{ery W?" \;V'th eépglr Imental_me?Slth:el-:ig_ 4, which shows the partial density profiles of Si and Ge
g > agreement 1S, In 1act, probably superior 1o aét two different concentrations and two different tempera-
obtained with empirical potentials — in particular, the shoul-tures Each profile is the result of an average over 10 bs
der in the structure factor has a strength which matches e>§- I ’ p’l'b . f the slab. In this fi 9 P
periment very well. As there is no arbitrarily adjustable pa- oflowing equil ration of the slab. In t_|s \gure, we see
rameters in these calculations, and as they properly includg/€a evidence of the surface segregation which was only
the electronic as well as ionic degrees of freedom, thesBiNted atin previous simulations using the same mati. _
simulation results are likely to be more reliable than in thePoth alloys, the component with the smaller surface tension,
empirical case, though such calculations also suffer from bed@mely, Ge, is driven towards the surface. This behavior can
ing applicable only to small systenfseveral hundreds of be understood, we believe, by considering two related ef-
particles. fects: (i) the Ge atoms are slightly larger than the Si atoms;
Table Ill shows the corresponding results for pufesi  and (i) [partly as a consequence (§] /-Ge has weaker
and/-Ge with free surfaces. Of greatest interest here are thiateratomic interactions thasi-Si as shown in Table II. Be-
calculated surface tensions. These do not change substazause the atomic size difference is quite small and the inter-
tially with temperature to within the statistical accuracy of atomic interactions are similar, Si and Ge are mutually
our calculations. The calculated Si surface tension valusoluble at all concentrations in the liquidnd also in the
agrees with the experimental value of 5.53 e¥/fRef. 6 solid) for temperatures above room temperature. Neverthe-
within a factor of two. The density profildgshown in Fig. 3  less, the differences in atom size and interatomic interactions
show that the free surface density profiles of bgt8i and  cause the Ge to have a somewhat lower surface tension than
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TABLE IV. Results of simulations for slabs of liquid $be; _, alloys. Symbols are the same as in Table
.

Property Liquid Sh ¢Geg .o Liquid Siy,Geg g
T=1700 K T=1900 K T=1300 K T=1500 K
(o4 (1072 eVIA?) 2.62 2.61 2.38 2.31
(ayy) (1072 eV/IA2) 2.65 2.60 2.33 2.29
{0, (1072 eVIA?) -0.02 —-0.02 0.00 0.04
() (1072 eVIA?) 2.65 2.63 2.36 2.26
the Si. This difference provides, at all alloy concentrations, a IV. DISCUSSION
driving force which tends to push the Ge atoms towards the
free surface. The surface segregation we calculate here is not surpris-

The tendency toward surface segregation is most conng: free energy minimization should drive the component
spicuous in the SigGey , alloys, where we see a clear peak with the lower surface tension towards the liquid surface, and
in Ge concentration near the free surfaces. We find that theur simulations confirm this. Nonetheless, it is impressive
average concentration of Ge in the surface lagefined as how extensively this segregation occurs, since the two com-
the layer starting from the first minimum on the interior side ponents(Si and Ge have very similar properties as pure
of the Ge surface peaks about 0.25 at 1700 K and 0.26 at liquids, quite similar densities, and not very different surface
1900 K; both values are clearly higher than the overall avertensions. To our knowledge, no experiment has been carried
age value of 0.20. In the $iGe, 5 alloy, the clearest effect out which directly confirms this segregation; clearly a mea-
is that the Si atoms are pushadayfrom the surface, leav- surement sensitive to one of the two atomic species would be
ing a layer of Si-poor alloy near the surface. There is still amost useful here.
peak in Ge concentration near the surface, but it is weaker Although it would be ideal to avoid the use of empirical
than in at the other concentratigas it must be, in order to potentials in these calculations, this would not be easy in an
conserve gquantities of each atomic species in both fasedMD calculation. Anab initio approach, such as has been
The average Si concentration in the surface layer is approxiised to calculate some bulk properties of liquid metals, is
mately 0.13 at 1300 K and 0.14 at 1500 K, both of which aretypically limited to several hundreds of atoms. With this
clearly lower than the overall average value of 0.20. number of atoms, one could not obtain reliable information

Although our simulations are directed at equilibrium about surface segregation. Various approximate theories of
rather than dynamical properties, we can still make someurface tension and profiles in liquid alloys might be useful,
approximate statements about the rate of segregation. Fbut these would have different kinds of uncertainties. Be-
example, the surface profiles shown become time indepercsause of our use of empirical potentials, however, we do not
dent after, at most, 20 — 30 ps of simulation. If we assumébelieve that the numerical values of our surface tensions are
that this profile is formed by excess Ge atoms diffusing fromlikely to be accurate. Nevertheless, the surface segregation
the interior of the slab to the surface, then arder-of- seen in our calculations should occur no matter what specific
magnitudeestimate of the corresponding diffusion constantpotentials are used in the simulations.
would be Dgige~r?/(6t), wherer is the distance diffused To conclude, we have carried out MD simulations of lig-
and t~20 ps. If we taker~5 A, this estimate gives uid Si,Ge;_, alloys in the presence of a free surface, using
Dsice~0.2X10"% cm?/sec, slightly smaller than the diffu- empirical two- and three-body interatomic interactions. We
sion coefficient estimated for pure liquid Si or Ge usingfind that Ge(the low surface tension compongnénds to
Stillinger-Weber potential& This value should not be taken surface segregate at both low and high alloy concentrations
very seriously, however, since it is based only on a rougl’{)f Ge. This behavior is not likely to be unique to this mate-
estimate of equilibration time for our surface profile. rial, but should occur widely in liquid alloy systems. It

Another consequence of the surface segregation can Bgould be of considerable interest if this surface segregation
seen in the tabulated surface tensiofsee Table Iy,  could be detected experimentally.

Namely, the surface tensions of both alloys lie below a

straight line(i.e., linear in concentratigrinterpolation of the

elemental surface tensions. While this effect is not ldigfe

order 10 3 eV/A), it is clearly real and not just an artifact of ACKNOWLEDGMENTS

statistical fluctuations. The explanation is straightforward:
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