PHYSICAL REVIEW B 68, 085326 (2003

Reconstruction and intermixing in thin Ge layers on S{001)
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In this work the Monte Carlo method with an empirical potential model for atomic interactions is applied to
study reconstruction and intermixing at a Ge-coverg@®®) surface. We investigate the structure and ener-
getics of the < n reconstruction which serves as a strain-relief mechanism. The optimal vatus fdund to
be strongly dependent on the thickness of the Ge overlayer. Si-Ge intermixing is studied using a direct
simulation method which includes entropic effects. Ge occupation probabilities in subsurface layers are evalu-
ated as a function of Ge coverage at different temperatures. The results show that strain-relief driven inter-
mixing has a pronounced effect on the surface reconstruction once the Ge coverage reaches a full layer. We
also evaluate the effect of temperature on the distribution of Ge in subsurface layers and discuss effects due to
kinetic limitations. In agreement with experiments, the study provides a description of the interplay between
reconstruction and intermixing at Ge-covered08L).
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. INTRODUCTION cies. We deriven,, as a function of the thickness of the Ge
layer and compare the results with experimental measure-
SiGe heterojunctions have generated considerable interestents and predictions of other theoretical models. Most pre-
due to their potential applications in novel electronic andvious theoretical studies have not accounted for the possibil-
optoelectronic devices. Understanding the growth of Ge oiity of Si-Ge intermixing which has complicated direct
Si(001) is crucial for developing new fabrication methods comparison between theory and experiment. In this work, we
and utilizing the full potential of these materials. From theinclude intermixing directly into the simulations and estimate
theoretical point of view, the similar properties of Ge and Sihow it affects the surface reconstruction. Knowing that inter-
make this system an ideal candidate for investigating thenixing may be driven by both strain relief and entropic ef-
effects of misfit strain in heteroepitaxial systems. fects, we try to separate these factors by first taking the low-
Studying strain-relaxation phenomena, such as recortemperature limit where entropic effects do not contribute to
struction and intermixing, requires using large-scale simulathe problem and then extending the study to higher tempera-
tion methods due to propagation of long-range elastic effecttures. Kinetic limitations of intermixing are also discussed.
in these systems. Accurate first-principles quantum- This paper is organized as follows. Computational details
mechanical methods are currently limited to systems comef our simulations and surface energy calculations are given
posed of only a few hundred atoms at beSight-binding  in the next section. The results and discussion are presented
technique have extended the feasible system size to a fevin Sec. Ill. Finally, we summarize our conclusions in Sec. IV.
thousand atoms, but still in many cases classical empirical
potentials are the only practical choice for large-scale simu-
lations. In the present case, however, the interactions be- Il. COMPUTATIONAL DETAILS
tween atoms are short range, but give rise to long-range elas-
tic effects. When this approach concerning interactions is
combined with the Monte Carlo method, it offers a versatile In this work, constant-pressure Monte Carl®1C)
tool for studying various interesting phenomena includingSimulation$ are used to study temperature-dependent struc-
effects such as intermixing where considerable configuratural properties of the Ge/&0J) surface. The Si-Si, Ge-Ge,
tional rearrangement is required. Furthermore, the empirica@nd Si-Ge interactions are modeled using the empirical
potential based Monte Carlo method can also be used ttillinger-Weber(SW) potential®® We have recently tested
study systems at nonzero values of temperature where effle suitability of three different empirical potentials for
tropic effects may become significant in determining whatfinite-temperature simulations involving the(@2) surface’
the state of lowest free energy is. The SW potential is used in the current work because it was
In this study, the Stillinger-Web&model is used in con- found give the best overall description of(@1). For com-
nection with the Monte Carlo method to investigate theParison purposes, we also report some results given by the
structure and energetics of thin Ge layers deposited on th&ersoff potential T3. Details of both potential modekSW
Si(001) surface. We first consider a system with a fully seg-and T3 and parametrizations used in this work can be found
regated Ge layer and study the evolution of ther2recon-  in Refs. 6, 5, and 7.
struction which consists of a periodic arrangement of dimer N the MC simulations, we use periodic slab geometry in
vacancy lines. The optimal periodicity,y of the 2xn pat- ~ which the unit cell is constructed along th#10], [110],
tern is determined by the balance of the energy gain fronand [001] directions and periodic boundary conditions are
strain relief and the energy cost from forming dimer vacan-applied in thex andy directions ¢ normal to the surfage

A. Monte Carlo simulations
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The simulation slab consists of two surfaces separated by @re smaller than or comparable to the size of the correspond-
bulk region. From our earlier stuflyve know that the finite  ing symbol in the figures.

thickness of the slab can significantly affect the results due to  The random-switch algorithm is a very fast method to
effects related to volume changes in constant-pressure simg@chieve large configurational changes in the system which

lations. It is important that the dimensions of the system dgvould not be possible using regular single-particle moves or
not change as a result of having a different number of G method such as molecular dynamissD) where the par-

I th ¢ i ¢ fructie., w icles must follow trajectories dictated by the equations of
ayers on he surface or a ditrerent reconstrucipe., We = 44100 1n our MC simulations, we are not trying to mimic

want the simulation to correspond to a thin Ge layer on gne actual diffusion mechanism in real systems but the pur-
much larger substrateln order to minimize the finite size pose of this study is to investigate the thermodynamic driv-
effects, we use thick simulation slabs Consisting of 59 atOmi¢ng forces behind experimenta”y observed Changes_ Since
layers. Several tests showed that convergence to acceptalgler simulations are not affected by kinetic limitations, we
accuracy could not be reached using 39 atomic layers;an use the low temperature limit to determine the relative
whereas increasing the thickness to 79 layers did not result istability of the different reconstructions and to estimate how
significant further changes. The odd number of atomic layerd is affected by strain-relief driven intermixing. Experimen-
is used in order to have perpendicular dimer directions on th&l observations are of course made at a much higher tem-
two surfaces so that anisotropic volume changes irxtiied ~ Perature and the systems are influenced by kinetic factors.
y directions can be avoide@ee our previous wofkdor de- For this reason we investigate two limiting cases: first the

tails). For th the t d bott f (%ase where the surface is reconstructed but no intermixing
ails). For the same reason, the top and bottom surfaces etween the Ge layers and the Si substrate takes place and

the slab also have an equal amount of Ge and the saMfen the case where Si/Ge intermixing is allowed to occur
reconstruction (in perpendicular directions 2n and n and its effect on the optimal reconstruction of the surface is
xX2). evaluated. Real systems are likely to lie somewhere in be-

We also performed several runs to check for effectsween these two limits, but this approach provides us impor-
caused by the finite cross section of the slab. For exampldéant information of the interplay between the two main
two different surface sizes 2®0 and 40<40 were used to mechanisms of strain relief in the Gef32) system: recon-
calculate the energy per Ge dimer on &1D reconstructed Struction and intermixing. We are considering ways of ex-
surface with respect to ax2L reconstruction(for systems tend[ng the approach to higher temperatures, but this would
with 1 and 3 ML of Ge. The two sets of simulations pro- req\;\J/lre Ca'féjll‘f";'o':s of.frtee ﬂﬁr?y dlﬁerencels. dicl
dyced identical results within the accuracy of the calcu!ationat a t?mvéoi%ﬂucleneceg 5? ;nr e(g);o n 06; prﬁg\s/;ng pc;rég t(qur;? tﬁzr S';; em
("?" 0.0001 e\)/._ Thus the re_sults n Sec. lll are obtained can explore in a reasonable time. The energy landscape of
using the foIIowmg surface sizes W_hl_ch are chosen for eactEhe GelSi001) surface is very complicated due to dimeriza-
simulation according to the periodicity of thexd recon-  tion and consequent distortions of atomic positions in the
struction 16<16 for (n=8 or 16, 18x18 for (N=6),  ynderlying layers. The potential barrier for a jump of a single
20x20 for (n=1, 4, 5 or 10, and 24<24 for (n=12). Con-  dimer from one binding site to a neighboring site is ex-
sequently, the majority of the simulations is performed usingremely high, and therefore such events never occur if only
systems consisting of 15000-35 000 atoms, while in the tesimall random displacements of individual particles are at-
runs the largest systems reach 100 000 atoms. tempted. This prevents large-scale relaxation of the surface

We use two kinds of MC algorithms in our simulations. structure(e.g., dimer vacancies are frozen into their initial
For those simulations where intermixing is not consideredpositions. To overcome these problems we have developed a
standard constant-pressure MC is used. Each MC step cohybrid MC-MD algorithm in which coupled moves of sev-
sists of two types of moves: small random displacements oéral particles are incorporated into the standard appro&ch.
individual particles and random variations of the sides of thehe case of the Ge/&®01) system, the evolution of the sur-
simulation cell(in order to keep the pressure constanPat face structure in real systems is governed by the diffusion of
=0). The acceptance probabilities are given by the Metropodimers. Thus when applied to the study of this surface, the
lis form2 For studying intermixing, Si-Ge switches are in- coupled-moves algorithm is based on the introduction of
corporated into the standard algorithm such that at each M®ng dimer jumps such that we can overcome the potential
step we randomly select a Si pair for each Ge atom in théarrier between two neighboring binding sites. After the ini-
system and attempt to exchange the identities of these twial displacement, the local neighborhood of the dimer is re-
atoms(Ge becoming Si and vice vepsalhe attempted ex- laxed using MD. The resulting configuration is then used as
change is accepted or rejected using the Metropolis criteriora trial configuration in the Metropolis scheme. The algorithm
In this so-called random-switch algorithm, the total numbercan be applied to study several physically interesting phe-
of both Si and Ge atoms is conserved, and thus in a givenomena where dimer diffusion is the main mechanism for
simulation run we obtain the equilibrium distribution for a structural change¢e.g., formation of dimer-vacancy struc-
fixed amount of Ge in the system. tures, formation and relaxation of islands or equilibrium

Typically, a single simulation run consists of 80000— shape of step edgedA prerequisite for these investigations
200000 MC steps depending on the length of the equilibrais to have a potential model which can accurately describe
tion (e.g., intermixing requires longer equilibration times the essential features of Gef@1). One of the goals of the
Averages are taken over the last 20000 MC steps. Unlessurrent study is to provide the necessary information con-
otherwise indicated, the error bars for the results in Sec. llterning the properties of the SW model.
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B. Surface energy calculations
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Comparing the energies of surface structures with differ- y g g g g g g g g 8 g
ent stoichiometries has posed problems in earlier studies of e o0 o0 o6 oo
Ge/S{001) surface reconstruction. The total number of Ge e e 8 Ne SYS
atoms in the simulation system changes depending on the © © 00 6 0 0 0 0 O
periodicity of the surface layer. Consequently, an appropriate g% 3% 2% 3% 2
chemical potential must be assigned for the Ge atoms to S 20 00 S 0
determine the relative stabilities of the different reconstruc- - 0--906-- 80 - 00 --89|
tions. Oviedoet al° have recently introduced an intelligent S .O oS __O‘.O___O‘f_ i i Ay
procedure for determining the chemical potential in such a 6 06 0 0 06 0 6 0 0 O
way that close correspondence to experimental conditions is O‘ 'O o' 'O O‘ 00 o‘ 'O O‘ OO
achieved. The proc'edure is briefly explained here for the 6 0 6 6 06 6 6 0 o o
cases relevant to this study. o0 060 o0 o0 oo

Consider a system with fixed number of Ge atoms. As- <

suming that the surface is in thermal equilibrium, the prob-
ability of observing a particular configuratidn is propor- FIG. 1. 2xn reconstruction viewed from above8). Filled
tional to expEEr/kgT) where Er is the energy of the circles are for atoms in the topmost layeimers and open circles
configuration in question. We are interested in the relativdor atoms in the layer beneatAy shows the direction in which
stability of different reconstructions, obtained by distributing separation between rows of dimers is measured in Fig. 3.
a fixed number of Ge atoms in different ways. For practical
reasons, it is convenient to choose one reference configur@tomic layers reduced byl.2ii) E((n) is given by the energy
tion with energyE ; and calculate all the other energies with difference per Ge dimer between a system with>an2re-
respect to this reference point. As in Ref. 10, we choose theonstructed top layer and the reference system witti 2
reference system to be a surface with a perfeci 2econ- reconstruction(note that in both of these calculations the
struction. We now need a computational procedure to detef?umber of Ge atoms in the two systems is diffeyeRaving
mine the energy difference between a givenr2reconstruc- obtained these energy values, we can now determine the rela-
tion and the reference system. For understanding théve stability of different 2<n reconstructions using EqL).
correspondence to experimental conditions, consider having For full-monolayer coverages, the reference system con-
a large section of the surface covered with &12recon-  Sists of the preassigned number of Ge lay@s2, or 3 ML)
structed layer of Ge. Lef, denote the energy of a Ge dimer with a 2x1 reconstructed surface. For _submonolayer cover-
in the 21 reconstructed layefthe area of the Ge layer is 2ges, however, the surface layer consists of a random mix-
thought to be so large that edge effects are negligitlext ~ ture of Ge-Ge, Si-Ge, and Si-Si dimers with the percentage
an appropriate number of Ge atoms is fetched from infinityof Ge atoms equal t@g.. We checked that optimizing the
and placed at the edges of the Ge layer, thus increasing ti&-Ge mixture in the surface layer results in a negligible
total energy of the System tﬁp per additional Ge dimer. decrease n ener%lhe |nterm|X.|ng algorlthm was used for
The 2xn reconstruction can now be constructed by remov-atoms in the surface layerSimilarly, the reference system
ing everynth dimer from each row and taking the removed for 1.5 ML Ge coverage consists of a full top layer of Ge and
atoms to infinity (the number of previously added atoms @ random mixture in the layer beneath. In all cases, the 2
equals the number of removed atom¥he energy cost of XN reconstruction is obtained from the reference_ system by
forming the missing-dimer vacancies, or the formation enfeémoving evennth dimer from each rowvacancy lines are
ergy per vacancy, is denoteﬂf . The resumng energy preformed in the initial Conflguratlons bUt I’ebpndlng of the
change in going from the initial 1 arrangement to the 2 Second-layer atoms occurs during the simulgtion
X n reconstruction is now given by

I1l. RESULTS AND DISCUSSION

£(n)= Ei(n)+E, (1) A. 2Xn reconstruction
n-1 The 2X n reconstruction is formed during the growth of a

wetting layer when Ge is deposited on(@1).2! In this

In order to determine the energy differencé®), we  structural rearrangement, vacancies are formed on the sur-
need to calculaté, (for each Ge coverageandE; (for a  face and their mutual interactions lead to the formation of a
range ofn values for each Ge coverggen practice, these periodic line structure where evengh dimer in each row is
values are obtained from simulations in the following way:replaced by a vacancysee Fig. 1 The missing-dimer
for a given Ge coveragéi) E,, is given by the energy dif- trenches relieve part of the misfit strain in the system by
ference per Ge dimer between a system withl2recon-  offering space for the outward relaxation of the Ge overlayer.
struction and a system obtained by removing the top G®ue to rebonding of the second-layer atoms, the formation of
layer and relaxing the system with ax2 reconstruction vacancies does not cost a large amount of energy. The bal-
[e.g., if we are calculating th&(n) curve for 2 ML Ge cov- ance between the energy gain from the strain relaxation and
erage, we remove a single layer of Ge from each surfacehe energy cost from forming the vacancies determines the
thus obtaining 1 ML coverage with the total number of optimal periodicity of the X n reconstruction.
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The optimal value of can also be affected by strain relief

. . . . . 0.02F =% 05 ML |
due to possible Si-Ge intermixing. Several recent experi- T 0SML
ments have suggested that significant Ge migration into sub- 0.01f -©- 20ML ]

-A- 30ML

surface regions may occur at typical growth temperatures
(500 °C—700°Q.*>"%® |n a scanning tunneling microscopy
study!’ empty-state imaging was successfully applied to
identify intermixing sites for submonolayer Ge coverages de-
posited on S001). The study confirms that a measurable
degree of Si-Ge place exchange occurs in the first layer at
temperatures as low as 57 {830 K). The stoichiometry of -0.03f
the entire wetting layer is, however, very difficult to deter-
mine precisely from experimental measureméht§ Conse- - ; m - - 7
quently, several questions related to intermixing have not Periodicity of reconstruction (n)
been fully answered. .

Our aim, here, is to investigate the evolution of the 2  FIG. 2. Energy change per Ge dimer to form &2 reconstruc-
X n reconstruction by first considering the case where all Gé!on from a 2x<1 reconstructed surface obtained from MC simula-
remains in the topmost layers. In this section, we calculaté©ns atksT=0.001 eV(11 K).
the optimal value oh as a function of Ge coverage without . . : .

shift toward smallen values is accompanied by an increas-

intermixing and compare the results to experimental mea= e ; .
9 P b : iing gain in energy until 2 ML coverage is reached. Further

termixing is discussed in the next section where we calculatéed,uc[Ion of the periodicity beyond 2. ML. coverage IS ener-
the compositional profiles for Ge occupation in subsurfaceget'ca"y unfavorable due to a repulsive interaction between

layers and determine the effect of intermixing on the optimaldlmer tvacancydhn?r?. The repull_smn 's. rnedlatetd !Jy ;’L:jbsui'
surface reconstruction. The simulations in this section and iﬁac‘? atoms under the vacancy ine€ which are strained due to
Secs. IB 1 and 11 B2 are performed at a very low tem- & distortion from the usual diamond lattice positions. The

peratureksT=0.001 eV (11 K), because determining free interaption betvyeen the two local strain f?elds results in an
energy differences at higher temperatures is not a straightfoF—ﬁect'Ve.repUISIon between the vacancy lines. .
ward task, especially when comparing systems with differen The (_j|r_ner vacancy lines act as a strain relief mechanism
stoichiometries. Finally, the temperature dependence of inte W providing space for the expansion .Of the Ge overlayer.
mixing is discussed in Sec. IIl B 3, Figure 3 shows the average separation between rows of

The following reference energi€s,(6¢o) are obtained for dlmnetrrs(l? ;he ?f'reCt'an rOf t?: dlrgne; bv?)(bln a ixt?ﬂr]e— ver-
comparing the relative stability of differenten reconstruc- constructed surface. ~or comparison, we aiso sho eave

tions — 8.668,—8.316,—8.079,— 7.607, and-7.612 eV(per age row separation on a<2 reconstructed surface. The row
dimen fc;r G’e co.vereylges., of ’O 5' 0 8, 10 2'0 and 3.0 MLseparation is measured in the direction perpendicular to the

respectively. The small but surprising decreasd jnwhen dimer boqu(and_ perpendicular to t_he vacancy lipdsee
the Ge coverage increases from 2 to 3 ML is explained byF('jg' 1 fOfI‘J:UStI‘&;IOf). Two Vﬁcanc_y Ilt?]esf.are Io\c/gted ?t tht?] i
subtle effects due to the relaxation of the underlying Ge Iay-e ges ot the sutr) ace areahs own In the figure. We no |'(f:'e all
ers and the Si substrate. Interestingly a similar change wa{@e separation between the Ge atoms increases significantly
observed in tight binding calculations by &t al° For each
coverage, the formation enerdy:(n) is calculated for dif-
ferent values oh ranging from 4 to 16, and using the ob-
tained values foE, andE;, we then use Eq(l) to deter-
mine the&(n) values for comparing the relative stability of
the different reconstructions.

In Fig. 2, we show the energy difference per Ge dimer
between a Xn reconstruction and the reference surface
with 2X1 ordering. We notice that for the 0.5 ML coverage,
vacancy lines are energetically favorable only for very large
values ofn and&(n) curve has no minimum fan<16. This
indicates that while a low concentration of dimer vacancies
is favorable at small submonolayer coverages of Ge, the 0 1 2 3 4 5 6 7 8 o
vacancy-vacancy interactions are likely to be too weak for an Row index
organized .Iin_e pattern to appear on the surfa_ce_. When the Ge g1 3. Average separation between rows of dinfarsthe di-
coverage is increased to 0.8 ML, a weak minimum appeargction of the dimer boribn 2x 10 and 21 reconstructed surfaces
in the £(n) curve betweem=12—14. Further increase in the yith 2.0 ML Ge coverage. The row separation is measured in the

thickness of the Ge overlayer leads to a shift in the optimalirection perpendicular to the dimer bonttearked as\y in Fig.
value ofn such that at 1.0 ML coverage the minimum is at 1). The vacancy lines in the 210 reconstruction are situated at

n=10 and at about 2 ML coverage a saturation point ispositions with indeces 0 and 9. The simulation temperatukgTs
reached after which the optimal value remaingat8. The  =0.001 eV(11 K).
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in the whole region between the two vacancy lines whemotential based approach produces results in much closer
compared to the 21 surface. The relaxation is largest nearagreement with experimental observations than do the TB
the vacancy lines. Decreasing the periodicitynte 8 (opti-  calculations. The authors of Ref. 19 explain that the discrep-
mal for 2 ML coveraggprovides further room for relaxation. ancy between their TB calculations and experiments may be
Very similar results have been reported in experimentaﬂue to the fact that the experimentally observed structures
studies of Ge on #001).*82021 Al studies have indicated may not correspond to thermal equilibrium due to kinetic
that the 2x n reconstruction appears when approximately 0.8'€asons and experiments may also be influenced by intermix-
ML of Ge has been deposited on the surface. In additioning of Ge into subsurface layers. In our MC simulations,
continued deposition leads to a decrease in the average valliewever, the surface is also in thermal equilibrium as in the
of n until saturation is reached around 2 ML Ge coverageTB calculations and yet our results correspond closely to
Different groups have reported slightly different valuesnof €xperimentally observed changes in the2 reconstruction.
depending on the growth conditions. For example, at 0.8 MLFor comparison purposes, we also performed the same cal-
coverage, the measured values range frenil7 (Ref. 20 to  culations using the Tersoff potential T3 which gives the fol-
n=11.!% Around 1.5 ML coverage, the values have de-lowing optimal periodicities for the 2 n reconstructionn
creased tm=9-10(Refs. 18,20 and convergence to~8 =10, 6, and 6 for Ge coverages of 1, 2, and 3 ML, respec-
around 2 ML coverage has been reported by several groupg®ely. These values are closer to those predicted by the SW
(Refs. 20,21 and references thejeiBecause further reduc- model (©=10, 8, and § although the T3 model gives a
tion of the periodicity is energetically unfavorable, the 2 deeper and narrower potential minimum for 2 and 3 ML
Xn reconstruction becomes less effective in reducing th&overages than does SW. We note that since the same simu-
strain in the system as the Ge film thickens. Experimentdation method was used for the SW and T3 calculations, the
show that other structures begin to appear on the surfacéfferences result only from the use of different potential
beyond 2 ML coveragele.g., a so-calledmxn pattern Mmodels, whereas the TB results were obtained from static
emerges where additional trenches form perpendicular to thealculations of much smaller systems at constant volume,
dimer vacancy lines in the2n reconstructiort)). In addi- ~ Which may lead to other effects in addition to the properties
tion, experimental evidence shows that the distributiom of of the interaction model itself. To further investigate this is-
is broad for low Ge coverages and becomes narrower witRue, queStionS related to effects of intermiXing are studied in
increasing coverag€. The same trend can be seen in Fig. 2the next section.
where the energies fan=12-16 at 0.8 ML coverage are
almost degenerate, but as the Ge coverage increases, the B. Intermixing

&(n) curve becomes steeper around the minimum. The . . L :
deeper and narrower potential well indicates that the distri- Studying the effects of intermixing is complicated due to

bution of n will be narrower on surfaces with larger Ge cov- an interplay .Of t'her'm(')dy.namm driving forcesz effec.ts of en-
erages. tropy, and kinetic limitations. Our approach is to first con-

The distribution ofn is related to the number of kinks sider the system at the low-temperature limit, where strain

which appear in the individual vacancy lines. Experimentsrelaxation is the main driving force for intermixing. Equilib-

show that when the vacancy lines first appear on the surfacv:;:]m G.e d(;zt.?butltoqi are olbl\t/laéned by dlre(;:t Sl'mm?t'?nd
they have a highly disordered structdfeThe ordering of ere, In addition fo the usua moves, randomly selecte

missing dimers into straight lines becomes energeticall;paIrS of Si and Ge atoms can exchange positions. All Ge

more favorable as the thickness of the Ge layer increase toms are initially placed in the top layers. Some additional

This straightening of the vacancy lines is associated with th uns were pe_rformed to check that .th.e. same average distri-
narrowing of the distribution of the average line separation. ution 1s obtained regardless of t_he initial stéeg., we can

In this work, we have only considered the idealized case optart with a random mixture of Si and Ge atoms or COO'. the
straight lines with a fixed line spacing. However, we areSyStern down from a h|gher tgmperatpM/e can now eSt".
currently investigating possibilities of simulating a changingmate how strain-relief driven intermixing affects the relative

vacancy-line configuration with kinks and no restrictions onStability of the different 2n reconstructions. This is done
the line spacing as an application of the hybrid MC-MD by calculating the energy difference betwegn the intermixed
algorithm mentioned in Sec. Ii state and the system with all Ge placed in the top layers.

The 2xn reconstruction has been previously investigatedrsnengzl.i’tryk\)'et.gﬁgs'_?ﬁé sr]()r\;\e/l(:tgr'rr]]?:rﬁu'rr? ?jﬁset(r:tli :gi;r:re;
using, e.g., the empirical Tersoff potentfathe tight binding X Istributions. u : IXing distributl

(TB) method!® and even first-principles calculatiofsThe Obta'(';ed.tﬁt various tetmlperatures andtthe r(jesu]ttﬁ are com-
results obtained in these studies are not directly comparab ared with experimental- measurements and with previous

because varying approaches have been used to compare goretmal calculations.
relative stability of 2<n reconstructions. The method used

in the present work and, in our view, the one corresponding
most closely to experimental conditiofsee Sec. Il for de- Let us now consider the low-temperature limit where

tails) was introduced recently by Ovieds al® and further  Si-Ge intermixing is driven by strain relaxation. The purpose
modified by Liet al!® In the latter tight-binding study, the is to investigate the energetical reasons for intermixing and
valuesn=8, 6, and 4 were obtained for Ge coverages of 1jts effect on the optimal periodicity of theX2n reconstruc-

2, and 3 ML, respectively. Surprisingly, our empirical- tion. Our MC simulations do not have kinetic limitations, but

1. Strain relaxation
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Atomic layer Atomic layer FIG. 5. Effect of strain-relief driven intermixing on the relative
stability of different 2<xn reconstructions. Results for 2 and 3 ML
coverages are shown. The data for the case without intermixing are
the same as shown in Fig. 2. For coverages up to 1 ML, the surface
étructure does not change because all Ge remains in the top layer at
=11 K.

FIG. 4. Strain-relief driven intermixing: Ge occupation prob-
ability as a function of distance from the surfa@e atomic layers
for (a) 2 ML Ge coverage antb) 3 ML Ge coverage. Data for»21
and 2x<8 reconstructed surfaces are shown. The distributions wer
obtained aff=11 K.

equilibration times become longer at low temperatures bevalues are obtained for=12 and 16. STM measurementts
cause once a near-equilibrium configuration is formed, it beShow similar behavior: for 1.5 ML of Ge grown at a lower
comes increasingly unlikely that a favorable Si-Ge pair istemperature, post-deposition annealing at 760 °C changes the
randomly selected for the attempted exchange. Consequent§bserved value of from 9 to 14. The annealing enables the
reaching full equilibrium requires simulation runs up to System to overcome at least part of the kinetic barriers af-
200000 MC stepgaverages are calculated over the lastfecting subsurface diffusion of Ge, and consequently the pe-
20000 steps riodicity of the vacancy-line structure changes as a response
In Figure 4 we show the average distribution of Ge atomgo the strain relaxation provided by intermixing.
as a function of distance from the surface for 2 and 3 ML Ge For 3 ML coverage, Fig. 4 shows that the second layer is
coverages and for’21 and 2<8 reconstructed surfaces. The fully occupied by Ge provided that the surface is&recon-
temperature i&sT=0.001 eV(11 K), and thus the distribu- structed, whereas large part of third-layer atoms have moved
tions correspond to configurations where Ge atoms occupiy the four substrate layers beneath the Ge overlayer. The Ge
lattice sites with lowest energy. Coverages of 1 ML and bemigration into layers 5—7 is enabled by the vacancy lines on
low are not shown for clarity because there all Ge remains ifne syrface because such accumulation does not occur in the
the top layer due to its lower surface energy. For the largeps 1 reconstructed system. Figure 5 shows that for the 3 ML
coverages, we notice that the Ge distribution is dependgnt %%bverage, intermixing leads to a large gain in energy but does
both the thickness of the Ge layer and the reconstruction Oituot affect the optimal periodicity of the>X2n reconstruction.

the s_urfac:_a. In_addltlon, Ge atoms s_how_clear preference .t?his is due to the fact that intermixing provides additional
certain lattice sites due to local variations in subsurface strain

. strain relief which cannot be accomplished by further reduc-
which are caused by the surface reconstruciisee Sec. S ; .
B 2 for details. The stepped shape of the distribution ing the periodicity of the reconstruction. In experimental sys-

curves follows from this strong site preference and from the{gms,fthe degree of m:\erm:)xmgollncreahses rapéldfly asdzl func—l
fact that these distributions are obtained at a very low tem!iOn Of témperature. Thus based on the need for additiona

perature where entropic effects do not smooth out the differStrain relief, it is possible that intermixing could change the
ences in energy. surface morphology inthe 2—-3 ML regime by postponing the
For 2 ML coverage, less than 20% of the second-layer G@nset of 2D islanding and the formation of thex n pattern.
atoms have moved to the third layer when the surfacexi8 2
reconstructed, compared to over a half in th€l2case. This 2. Site selectivity
indicates that the & n reconstruction is effective in relieving I . o . )
large part of the strain in system, and thus the need for in- NOW we will discuss the site selectivity of Si-Ge inter-
termixing decreases when compared to thel Zurface. On  Mixing which is induced by the two main factors: dimer
the other hand, it can be energetically more favorable t§OWs and vacancy lines. As an example, in Fig. 6 we show a
increase the periodicity of the reconstruction while havingshapshot of a typical configuration obtained from a simula-
more intermixing in the system. Figure 5 shows that this istion of intermixing in a system composed of 3 ML of Ge on
indeed the case: for 2 ML coverage the optimal valuenof Si(00). In this we observe that the region under the vacancy
shifts fromn=8 to larger values when intermixing occues  lines is clearly unfavorable to Ge occupation. This is due to
very weak minimum is observed at=12, but taking into the fact that the vacancy lines induce atomic displacements
account the accuracy of the calculations, the same energyg their vicinity, which in turn leads to a local compressive
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TABLE I. Energy cost of substituting a Ge atom for Si in dif-
ferent sites near the ®01) surface relative to the first laygm
eV). For the DFT results the difference between siteghlekling-
up) and 1b(buckling-down is also given. The DFT calculations are
from Ref. 16. Results using both the local density approximation
(LDA) and the PW91 exchange-correlation function are quoted.

FIG. 6. Snapshot of a typical configuration obtained as a resulirhe surface is 21 reconstructed in all cases.

of intermixing in a system with 3 ML of Ge on ®01). Si atoms

are shown in dark gray and Ge atoms in lighter gtdiyners or Layer Sw Tersoff LDA PWo1
white (underlying layers The view direction is along the axis 15 0 0 0 0
shown in Fig. 1(dimer bonds are directed toward the vieyer 1b 0.134 0.149
L . . -, . 2 0.244 0.230 0.314 0.363
strain in this region. In addition, the dimer rows produce 0.289 0.133 0361 0415
similar local fluctuations in the strain field which results in 0.183 0'121 0'292 0'344
alternating Si and Ge atoms in the third and fourth layers. a 0'274 0'173 0'344 0'419
Consequently, the optimal surface structure is determined bXb 0'199 0'103 0'291 0.348

a complex interplay of vacancy lines and subsurface distri-
bution of Ge.
Figure 7 shows typical lattice sites which are favorable to
Ge occupation. The degree of Ge occupation in the variou$his picture is further supported by several experimént§
sites depends on the amount of Ge on the surfamg, only ~ which indicate Ge diffusion down to at least the fourth layer
first layer sites are occupied at submonolayer covelagies Wwith no reduction in the second-layer occupation.
Fig. 7(a) the surface is viewed from the side along the direc- In Fig. 7(b) the surface is viewed from the other side
tion of the dimer rows. The dimerization of the atoms in thealong the direction of the dimer bonds. A dimer vacancy line
surface layer results in significant distortions in the positiongn the 2x n reconstruction is visible on the surface. The for-
of the atoms in subsurface layers. Consequently, the thirghation of missing dimers causes significant movement of a
and fourth layer sites under the trougtebeled sites 3b and |arge number of atoms in the vicinity of the vacancy line as
4b) are clearly more favorable to Ge occupation than are thene exposed second-layer atoms rebond in order to reduce the
sites under the dimer row¢abeled 3a and 4aThis prefer-  nymper of dangling bonds. The inward relaxation leads to a
ence for sites ;szand 4b was also predicted by the empiricalompressively strained region near the vacancy line which
Tersoff potentiaf but_ in contrast to those results which 1,oomes unfavorable to Ge occupation. The effect of the
S.hOW a strong reduction in the sec_:ond-layer Ge Con(.:ent_r‘"\‘/'acancy line is reflected down to at least the seventh layer
tion, we find that, for the SW potential, the Ge occupation Mbeneath the surface. Note that energetically less favorable

féirdzblzi?éiairrlmylsﬁfr\éestgitollr‘]t)l?r/?(razlfl tzna(lﬂr?il;]ngg?ezcr)rﬁn t sites in deeper layers are only occupied after the total amount
with recent density functional theofpFT) calculations®? of Ge becomes sufficiently highSee Fig. 6 as an example

which also predict Ge occupation in the second layer anzhowmg 3 ML of Ge on $D0D]. On a 2<1 surface, there is

strong preference to sites under the troughs in layers 3 and 0 preference (o sites in layers 5-7 due to the absence of
gp 9 y imer vacancy lines as shown by the occupation probabilities

in Fig. 4.
(a). PY 00 o0 In order to be able to directly compare our results to ear-
® © o o: 0 o lier studies, we used a static energy minimization method to
: 8 s 838 :31’ 8 : calculate the energy cost of substituting a Ge atom in differ-
4a 4b ent sites near the ®01) surface. For comparison purposes,
X we calculated the binding energies using both the SW and
(b) i ; ; )
® © 0 O ® 6 0 o the Tersoff potentials. Table | summarizes the results ob
s 8 : C’ % : : z tained using the empirical potentialSW and Tersoff and
earlier DFT results. All calculations show that the first layer
: g : 8 8 8 8 : : is most favorable to Ge atoms. The compressively strained
8 : 8 8 8 8 : : sites under the dimer row@a and 4aare clearly higher in
v energy than are the tensile sites under the trou@bsand

4b). The difference comes when the binding energy of the

FIG. 7. Site selectivity in intermixingschematig. Lattice sites  S€cond-layer sites is compared to the energies of the com-
which are under tensile strain and thus favorable for Ge atoms af@'€SSive sites 3a and 4a. The Tersoff potential predicts that
marked with filled circles and sites under compression and thu§h€ second-layer sites are higher in energy than both the ten-
favoring Si occupation are marked with open circkes.Side view ~ Sile and compressive sites in layers 3 and 4. In contrast, the
of the surface along thg axis (in the direction of the dimer roys ~SW potential gives qualitatively similar results to the DFT
(b) Side view of the surface along tixeaxis (in the direction of the ~ calculations which give an energy value in between the a and
dimer vacancy lings See Fig. 1 for top view of the surface showing b sites in layers 3 and 4. As mentioned earlier, experiments
the coordinates. support the latter result.
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We note that the binding energies shown in Table | do not 1-'(a) g
include correlation effects between multiple Ge atoms or ef-
fects resulting from the growing strain when several Ge lay- 0.3
ers are placed on the surface. In addition, significant effects ;“Z’
due to the X'n reconstruction are disregarded in these cal- §06
culations. In contrast, the strength of the MC approach is that a”
all these factors are directly included in the simulation, and g
as an outcome we obtain the equilibrium distribution for a 30-4 /
given Ge coverage. The occupation probabilities in Fig. 4 éﬁ
give the low-temperature limit of the distribution. We now 0.2} -6 Istlayer |-
extend the study to higher temperatures in order to include -~ %ﬁfllj‘yy:r’
entropic effects. 0 , _ L= dthayer | |

0 0.5 1 L5 2 2.5 3

3. Effect of temperature Ge coverage

In our MC simulations, the movement of the Ge atoms is (b) i ;f]:jlgye;
not limited by kinetic factors as in real systems since we do gl | drdlayer |
not attempt to mimic the actual diffusion mechanisms. In the ) —+ dthlayer -9

full thermodynamic limit, where intermixing is allowed to
occur in the whole system, Si/Ge alloy is formed in the bulk
region with constant average ratio of Si and Ge. The fraction
of Ge in the bulk alloy increases linearly as a function of the
total amount of Ge in the system after initial accumulation to
surface areagmost Ge will stay near the surface when the
total amount of Ge is very low In addition, the distribution

of Ge is also affected by temperature: the lower the tempera- =

ture, the higher is the Ge occupation in surface layers and 0 03 : 15 5 55 3
consequently the bulk fraction decreases; e.g., for 20% total Ge coverage

Ge content, the bulk fraction of Ge i50.16 at 600 °C,

~0.15 at 300°C and only-0.02 close to the static limit FIG. 8. Ge occupation probabilities in each atomic layer as a
(kT.=0 001 eV) ' function of Ge coverage obtained from MC simulationgatksT

=0.03 eV(76 °C) and(bh) kgT=0.075 eV(600 °Q. The surface is

. In real systems, bulk dlff_u_S|0n of Ge is praqtlcally negli- %xlo reconstructed. The intermixing region covers layers (up4
gible at usual growth conditions, but as mentioned, sever
0 1 ML Ge coverageor layers 1-5(for larger coverages The

experiments have indicated that near the surface Ge per;,
etrates down to at least the fourth layer at temperatures
low as 400°C. The physical origin of this much higher dif-
fusion rate in the surface region is explained by the differentemperature, a notable amount of Ge is present throughout
nature of diffusion mechanisms near the surface. Ge diffusethe surface region with third and fourth layers becoming
in bulk Si by two main mechanisms: substitutional- populated even at low coverages. This agrees well with
interstitial exchange and vacancy diffusion. The exchangexperiments*which show Ge occupation down to at
process, in which Ge diffusion is assisted by a Si interstitialJeast the fourth layer with second layer occupation compa-
has been shown to be clearly faster in the surface regiorable to the occupation of the tensile sites in layers 3 and 4.
because the formation energy of Si interstitials is signifi-In addition, the dashed lines in Fig(l3 show the effect of
cantly lower near the surface than in the btfikchus, in the  allowing intermixing to occur in the whole systertNote
MC simulations, we must limit the intermixing to a physi- that here the results depend on the thickness of the simula-
cally suitable region near the surface, which will allow us totion slab which determines the total amount of Ge in the
study the quasiequilibrium situation where the surface layersystem. Here the total amount of Ge~45% for the 3 ML
are in thermodynamic equilibrium but no Si-Ge exchange tacoverage. Figure 8b) can also be compared directly to a
deeper layers occurs. Following both experimental evidenceorresponding figure in Ref. 15 which shows the results for
in Refs. 12-16 and the DFT calculations in Ref. 16, weexperimental measurements at 500 °C for 0.2-1.5 ML Ge
chose the intermixing region to extend four or five layerscoverages. The shape and order of the curves in the two
below the surface depending on the Ge coverage. figures is very similar, showing clearly largest Ge concentra-
In Fig. 8 we show the occupation probabilities of Ge intions in the first and second layers with the growth rate de-
layers 1—4 as a function of Ge coveragéat76 °C and(b)  creasing in the first layer and increasing in the second layer.
600 °C. A 39-layer slab was used for these simulations beWithin the accuracy of both of these studies, the calculated
cause it was found to be sufficient for distribution averagesand measured concentrations are well of the same order.
The data show that the total amount of intermixing increases Experiments have also indicated that Ge occupation is
significantly as the temperature is raised. At the lower temiarger in the tensile sites in layers 3 and3b, 4b.1° We
perature, the third and fourth layers become populated by Gleave already seen that the energy of substituting a Ge atom
atoms only after 1 ML coverage is reached. At the higheiin the different sites in layers 3 and 4 is clearly lower for the

=
>

=
=

Ge occupation probability

&
[

shed lines irib) show the effect of allowing intermixing to occur
88 the whole bulk region.
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TABLE Il. Fraction of Ge atoms occupying tensile b sites in  TABLE Ill. Comparison of Ge occupation probabilities in sub-
layers 3 and 4. The surface isx20 reconstructed. The statistical surface layers obtained using the SW potential based MC method

errors are of the order 0.001. (current study and DFT calculations from Refs. 2FT1), 23
(DFT2) and 16(DFT3J). The first set of resulttDFT1, DFT2, SW1
76 °C 600 °C is for 1.0 ML Ge coverage at 600 °C and the second(B&T3,

site 0.8ML 15ML 20ML 08ML 15ML 2.0ML SW2) is for 1.6 ML coverage at 700 °C. The surface is Rrecon-

structed in all cases. The statistical errors for the SW data are of the
3b 1.000 0.951 0.922 0.820 0.785 0.747  order 0.001.

4b 1.000 0.861 0.815 0.696 0.666 0.644

1.0 ML at 600 °C 1.6 ML at 700 °C
Layer DFT1  DFT2  Swi DFT3 Sw2

tensile b sites than for the compressively strained a sites. At

very low temperature€e.g., for the data in Fig. 4 obtained at 1 0.705 0.648  0.694 0.893 0.836
11 K), only tensile sites in layers 3 and 4 are occupied by Ge2 0.111 0.131 0.095 0.257 0.251
Table Il shows the fraction of Ge atoms in layers 3 and 43a 0.067 0.028 0.041 0.156 0.137
which occupy tensile b sites. Data for a range of Ge coversb 0.133 0.082 0.168 0.303 0.367
ages at two different temperatures is given. Note that thda 0.048 0.032 0.063 0.150 0.183
total amount of Ge in the 3rd and 4th layers depends stronglyp 0.121 0.078 0.149 0.293 0.338

on the total Ge coverage. At low coverages there are very
few Ge atoms in the 3rd and 4th layers and at low tempera-
tures they occupy mainly the energetically more favorable bments of a corresponding experimental system and the re-
sites. At higher coverages, the amount of Ge in the 3rd andults were found to be in good qualitative agreement. Since
4th layers increases and consequently some Ge atoms dtee differences between the DFT and our data are very small,
driven to occupy the compressive a sites even at low temeur results would give similar agreement with the experi-
peratures. At higher temperatures the amount of Ge atoms iment. The main difference between our results and the dif-
the a sites increases for all coverages, but in agreement wiflerent DFT calculations is that we obtain slightly lower Ge
the experimental observations, a majority of the Ge atomgccupation in the second layer and slightly higher occupation
remain in the tensile b sites even at 600 °C. This leads to am the third and fourth layers, which could be due to Ge-Ge
ordered structure in subsurface layers as has been observeatrelation effects.
in growth experiments for Si/Ge alloys on(@91).2*

We would like to point out that _detailed quar_1titative_ com- IV. CONCLUSION
parison of calculations and experimental data is not viable at
the moment due to rather large variations in different sets of In this paper, we have investigated the two principal
experimental measurements. These variations are explainstrain-relief mechanisms, namely, reconstruction and Si-Ge
in part by the difficulties in obtaining experimental data onintermixing, in a heteroepitaxial system of Ge on théd81)
subsurface intermixing and in part by different experimentalsurface. Strain-relief related phenomena, such as the rear-
conditions. In addition, kinetic factors are not included in therangement of the reconstruction and Si-Ge intermixing, oc-
theoretical calculations, but they may have a significant incur over large distances, and can be studied with an
fluence on the experimental measurements. empirical-potential based MC method for much larger sys-

In several DFT studies, the Ge occupation probabilitiedems than those feasible &b initio or TB calculations. As a
have been obtained by first calculating the energy of substiresult, we have been able to investigate the combined effects
tuting a single Ge atom at the various sites in subsurfacef intermixing and reconstruction at a Ge-covered081)
layers and then using either the Fermi-Dirac distributionsurface.
(number of Ge atoms in the unit cell not fiXéd? or the In close agreement with experimental observations, our
Boltzmann distributiortfixed number of Ge atoms in the unit results show that the surface undergoes a structural evolution
cel)® to calculate the occupation probabilities at differentas the thickness of the Ge layer increases. In the absence of
temperatures. Two main simplifications are made in thes&i-Ge intermixing(e.g., at low growth temperatupeshe op-
studies:(i) The coverage dependence of the Ge binding entimal periodicity of the 2<n reconstruction first decreases as
ergy is neglectedthe occupation probability of a given site Ge is deposited on the surface and then saturatas-#® at
is assumed not to depend on the configuration of other)sitesbout 2 ML coverage. The effect of intermixing on the opti-
and(ii) 2Xxn reconstruction is not included. Table Il shows mal reconstruction is found to be strongly dependent on the
a comparison of our results and results obtained in the threthickness of the Ge overlayer. At about 2 ML coverage, most
DFT studies mentioned above. Two different cases are corsf the strain can be relieved either by formation of dimer
sidered: 1.0 ML of Ge at 600 °C and 1.6 ML at 700 °C. Thevacancy lines (X n reconstructiopor by Si-Ge intermixing.
surface is X1 reconstructed in all cases. The agreement isThus the optimal periodicity of the>2n reconstruction in-
found to be fairly good, especially when taking into accountcreases as a result of intermixing, as also observed experi-
the differences between simulation methods and the techmentally. For coverages above 2 ML, the need for additional
nigues of obtaining the occupation probabilities. Further-strain relaxation grows further. Consequently the optimal pe-
more, in Ref. 16 the DFT results for the 1.6 ML case wereriodicity of the reconstruction remains unchanged but inter-
compared with Auger electron diffractiofRED) measure- mixing leads to a large energy gain. In addition, the surface
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reconstruction induces atomic-scale variations in the straimpproach with a good interatomic potential could provide a
field near the surface, which in turn leads to a strongly sitelausible framework for describing the incipient growth of
selective distribution of Ge in the subsurface layers. Ge on S{001).

This study has focused on investigating the thermody-
namic driving forces behind structural changes during the
growth of Ge on SD01). We have shown that the evolution ACKNOWLEDGMENTS
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