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Reconstruction and intermixing in thin Ge layers on Si„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-covered Si~001! surface. We investigate the structure and ener-
getics of the 23n reconstruction which serves as a strain-relief mechanism. The optimal value ofn is found 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-covered Si~001!.
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I. INTRODUCTION

SiGe heterojunctions have generated considerable inte
due to their potential applications in novel electronic a
optoelectronic devices. Understanding the growth of Ge
Si~001! is crucial for developing new fabrication method
and utilizing the full potential of these materials. From t
theoretical point of view, the similar properties of Ge and
make this system an ideal candidate for investigating
effects of misfit strain in heteroepitaxial systems.

Studying strain-relaxation phenomena, such as rec
struction and intermixing, requires using large-scale simu
tion methods due to propagation of long-range elastic effe
in these systems. Accurate first-principles quantu
mechanical methods are currently limited to systems co
posed of only a few hundred atoms at best.1 Tight-binding
techniques2 have extended the feasible system size to a
thousand atoms, but still in many cases classical empir
potentials are the only practical choice for large-scale sim
lations. In the present case, however, the interactions
tween atoms are short range, but give rise to long-range e
tic effects. When this approach concerning interactions
combined with the Monte Carlo method, it offers a versa
tool for studying various interesting phenomena includ
effects such as intermixing where considerable configu
tional rearrangement is required. Furthermore, the empiri
potential based Monte Carlo method can also be use
study systems at nonzero values of temperature where
tropic effects may become significant in determining wh
the state of lowest free energy is.

In this study, the Stillinger-Weber3 model is used in con-
nection with the Monte Carlo method to investigate t
structure and energetics of thin Ge layers deposited on
Si~001! surface. We first consider a system with a fully se
regated Ge layer and study the evolution of the 23n recon-
struction which consists of a periodic arrangement of dim
vacancy lines. The optimal periodicitynopt of the 23n pat-
tern is determined by the balance of the energy gain fr
strain relief and the energy cost from forming dimer vaca
0163-1829/2003/68~8!/085326~10!/$20.00 68 0853
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cies. We derivenopt as a function of the thickness of the G
layer and compare the results with experimental meas
ments and predictions of other theoretical models. Most p
vious theoretical studies have not accounted for the poss
ity of Si-Ge intermixing which has complicated dire
comparison between theory and experiment. In this work,
include intermixing directly into the simulations and estima
how it affects the surface reconstruction. Knowing that int
mixing may be driven by both strain relief and entropic e
fects, we try to separate these factors by first taking the lo
temperature limit where entropic effects do not contribute
the problem and then extending the study to higher temp
tures. Kinetic limitations of intermixing are also discussed

This paper is organized as follows. Computational deta
of our simulations and surface energy calculations are gi
in the next section. The results and discussion are prese
in Sec. III. Finally, we summarize our conclusions in Sec.

II. COMPUTATIONAL DETAILS

A. Monte Carlo simulations

In this work, constant-pressure Monte Carlo~MC!
simulations4 are used to study temperature-dependent st
tural properties of the Ge/Si~001! surface. The Si-Si, Ge-Ge
and Si-Ge interactions are modeled using the empir
Stillinger-Weber~SW! potential.3,5 We have recently tested
the suitability of three different empirical potentials fo
finite-temperature simulations involving the Si~001! surface.6

The SW potential is used in the current work because it w
found give the best overall description of Si~001!. For com-
parison purposes, we also report some results given by
Tersoff potential T3.7 Details of both potential models~SW
and T3! and parametrizations used in this work can be fou
in Refs. 6, 5, and 7.

In the MC simulations, we use periodic slab geometry
which the unit cell is constructed along the@110#, @11̄0#,
and @001# directions and periodic boundary conditions a
applied in thex and y directions (z normal to the surface!.
©2003 The American Physical Society26-1



by

e
im
d
G

m
ta
er
lt
e
th

s
am

ct
p

-
io
d

ac

in
te

s.
ed
co
s
th

po
n-
M
th
tw

io
e
ve
a

–
ra

le
. I

nd-

to
ich
or

of
ic
ur-

riv-
ince
e

ive
ow
-

em-
ors.
the
ing
and

cur
is

be-
or-
in

x-
uld

le
stem
e of
a-
the
le
x-
nly
at-
ace
al
d a
-
.
-
of

the
of
tial

ni-
re-
as
m
he-
for
-
m
s

ribe

on-

NURMINEN, TAVAZZA, LANDAU, KURONEN, AND KASKI PHYSICAL REVIEW B 68, 085326 ~2003!
The simulation slab consists of two surfaces separated
bulk region. From our earlier study6 we know that the finite
thickness of the slab can significantly affect the results du
effects related to volume changes in constant-pressure s
lations. It is important that the dimensions of the system
not change as a result of having a different number of
layers on the surface or a different reconstruction~i.e., we
want the simulation to correspond to a thin Ge layer on
much larger substrate!. In order to minimize the finite size
effects, we use thick simulation slabs consisting of 59 ato
layers. Several tests showed that convergence to accep
accuracy could not be reached using 39 atomic lay
whereas increasing the thickness to 79 layers did not resu
significant further changes. The odd number of atomic lay
is used in order to have perpendicular dimer directions on
two surfaces so that anisotropic volume changes in thex and
y directions can be avoided~see our previous work6 for de-
tails!. For the same reason, the top and bottom surface
the slab also have an equal amount of Ge and the s
reconstruction ~in perpendicular directions 23n and n
32).

We also performed several runs to check for effe
caused by the finite cross section of the slab. For exam
two different surface sizes 20320 and 40340 were used to
calculate the energy per Ge dimer on a 2310 reconstructed
surface with respect to a 231 reconstruction~for systems
with 1 and 3 ML of Ge!. The two sets of simulations pro
duced identical results within the accuracy of the calculat
~i.e., 0.0001 eV!. Thus the results in Sec. III are obtaine
using the following surface sizes which are chosen for e
simulation according to the periodicity of the 23n recon-
struction 16316 for (n58 or 16!, 18318 for (n56),
20320 for (n51, 4, 5 or 10!, and 24324 for (n512). Con-
sequently, the majority of the simulations is performed us
systems consisting of 15 000–35 000 atoms, while in the
runs the largest systems reach 100 000 atoms.

We use two kinds of MC algorithms in our simulation
For those simulations where intermixing is not consider
standard constant-pressure MC is used. Each MC step
sists of two types of moves: small random displacement
individual particles and random variations of the sides of
simulation cell~in order to keep the pressure constant atP
50). The acceptance probabilities are given by the Metro
lis form.8 For studying intermixing, Si-Ge switches are i
corporated into the standard algorithm such that at each
step we randomly select a Si pair for each Ge atom in
system and attempt to exchange the identities of these
atoms~Ge becoming Si and vice versa!. The attempted ex-
change is accepted or rejected using the Metropolis criter
In this so-called random-switch algorithm, the total numb
of both Si and Ge atoms is conserved, and thus in a gi
simulation run we obtain the equilibrium distribution for
fixed amount of Ge in the system.

Typically, a single simulation run consists of 80 000
200 000 MC steps depending on the length of the equilib
tion ~e.g., intermixing requires longer equilibration times!.
Averages are taken over the last 20 000 MC steps. Un
otherwise indicated, the error bars for the results in Sec
08532
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are smaller than or comparable to the size of the correspo
ing symbol in the figures.

The random-switch algorithm is a very fast method
achieve large configurational changes in the system wh
would not be possible using regular single-particle moves
a method such as molecular dynamics~MD! where the par-
ticles must follow trajectories dictated by the equations
motion. In our MC simulations, we are not trying to mim
the actual diffusion mechanism in real systems but the p
pose of this study is to investigate the thermodynamic d
ing forces behind experimentally observed changes. S
our simulations are not affected by kinetic limitations, w
can use the low temperature limit to determine the relat
stability of the different reconstructions and to estimate h
it is affected by strain-relief driven intermixing. Experimen
tal observations are of course made at a much higher t
perature and the systems are influenced by kinetic fact
For this reason we investigate two limiting cases: first
case where the surface is reconstructed but no intermix
between the Ge layers and the Si substrate takes place
then the case where Si/Ge intermixing is allowed to oc
and its effect on the optimal reconstruction of the surface
evaluated. Real systems are likely to lie somewhere in
tween these two limits, but this approach provides us imp
tant information of the interplay between the two ma
mechanisms of strain relief in the Ge/Si~001! system: recon-
struction and intermixing. We are considering ways of e
tending the approach to higher temperatures, but this wo
require calculations of free energy differences.

We would like to point out that moving only one partic
at a time influences the region of phase space that the sy
can explore in a reasonable time. The energy landscap
the Ge/Si~001! surface is very complicated due to dimeriz
tion and consequent distortions of atomic positions in
underlying layers. The potential barrier for a jump of a sing
dimer from one binding site to a neighboring site is e
tremely high, and therefore such events never occur if o
small random displacements of individual particles are
tempted. This prevents large-scale relaxation of the surf
structure~e.g., dimer vacancies are frozen into their initi
positions!. To overcome these problems we have develope
hybrid MC-MD algorithm in which coupled moves of sev
eral particles are incorporated into the standard approach9 In
the case of the Ge/Si~001! system, the evolution of the sur
face structure in real systems is governed by the diffusion
dimers. Thus when applied to the study of this surface,
coupled-moves algorithm is based on the introduction
long dimer jumps such that we can overcome the poten
barrier between two neighboring binding sites. After the i
tial displacement, the local neighborhood of the dimer is
laxed using MD. The resulting configuration is then used
a trial configuration in the Metropolis scheme. The algorith
can be applied to study several physically interesting p
nomena where dimer diffusion is the main mechanism
structural changes~e.g., formation of dimer-vacancy struc
tures, formation and relaxation of islands or equilibriu
shape of step edges!. A prerequisite for these investigation
is to have a potential model which can accurately desc
the essential features of Ge/Si~001!. One of the goals of the
current study is to provide the necessary information c
cerning the properties of the SW model.
6-2
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B. Surface energy calculations

Comparing the energies of surface structures with diff
ent stoichiometries has posed problems in earlier studie
Ge/Si~001! surface reconstruction. The total number of G
atoms in the simulation system changes depending on
periodicity of the surface layer. Consequently, an appropr
chemical potential must be assigned for the Ge atoms
determine the relative stabilities of the different reconstr
tions. Oviedoet al.10 have recently introduced an intelligen
procedure for determining the chemical potential in suc
way that close correspondence to experimental condition
achieved. The procedure is briefly explained here for
cases relevant to this study.

Consider a system with afixednumber of Ge atoms. As
suming that the surface is in thermal equilibrium, the pro
ability of observing a particular configurationG is propor-
tional to exp(2EG /kBT) where EG is the energy of the
configuration in question. We are interested in the relat
stability of different reconstructions, obtained by distributi
a fixed number of Ge atoms in different ways. For practi
reasons, it is convenient to choose one reference config
tion with energyEref and calculate all the other energies wi
respect to this reference point. As in Ref. 10, we choose
reference system to be a surface with a perfect 231 recon-
struction. We now need a computational procedure to de
mine the energy difference between a given 23n reconstruc-
tion and the reference system. For understanding
correspondence to experimental conditions, consider ha
a large section of the surface covered with a 231 recon-
structed layer of Ge. LetEp denote the energy of a Ge dime
in the 231 reconstructed layer~the area of the Ge layer i
thought to be so large that edge effects are negligible!. Next
an appropriate number of Ge atoms is fetched from infin
and placed at the edges of the Ge layer, thus increasing
total energy of the system byEp per additional Ge dimer
The 23n reconstruction can now be constructed by rem
ing everynth dimer from each row and taking the remov
atoms to infinity ~the number of previously added atom
equals the number of removed atoms!. The energy cost of
forming the missing-dimer vacancies, or the formation e
ergy per vacancy, is denotedEf . The resulting energy
change in going from the initial 231 arrangement to the 2
3n reconstruction is now given by

j~n!5
Ef~n!1Ep

n21
. ~1!

In order to determine the energy differencesj(n), we
need to calculateEp ~for each Ge coverage! and Ef ~for a
range ofn values for each Ge coverage!. In practice, these
values are obtained from simulations in the following wa
for a given Ge coverage,~i! Ep is given by the energy dif-
ference per Ge dimer between a system with 231 recon-
struction and a system obtained by removing the top
layer and relaxing the system with a 231 reconstruction
@e.g., if we are calculating thej(n) curve for 2 ML Ge cov-
erage, we remove a single layer of Ge from each surfa
thus obtaining 1 ML coverage with the total number
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atomic layers reduced by 2#. ~ii ! Ef(n) is given by the energy
difference per Ge dimer between a system with a 23n re-
constructed top layer and the reference system with 231
reconstruction~note that in both of these calculations th
number of Ge atoms in the two systems is different!. Having
obtained these energy values, we can now determine the
tive stability of different 23n reconstructions using Eq.~1!.

For full-monolayer coverages, the reference system c
sists of the preassigned number of Ge layers~1, 2, or 3 ML!
with a 231 reconstructed surface. For submonolayer cov
ages, however, the surface layer consists of a random m
ture of Ge-Ge, Si-Ge, and Si-Si dimers with the percent
of Ge atoms equal touGe. We checked that optimizing the
Si-Ge mixture in the surface layer results in a negligib
decrease in energy~the intermixing algorithm was used fo
atoms in the surface layer!. Similarly, the reference system
for 1.5 ML Ge coverage consists of a full top layer of Ge a
a random mixture in the layer beneath. In all cases, th
3n reconstruction is obtained from the reference system
removing everynth dimer from each row~vacancy lines are
preformed in the initial configurations but rebonding of t
second-layer atoms occurs during the simulation!.

III. RESULTS AND DISCUSSION

A. 2Ãn reconstruction

The 23n reconstruction is formed during the growth of
wetting layer when Ge is deposited on Si~001!.11 In this
structural rearrangement, vacancies are formed on the
face and their mutual interactions lead to the formation o
periodic line structure where everynth dimer in each row is
replaced by a vacancy~see Fig. 1!. The missing-dimer
trenches relieve part of the misfit strain in the system
offering space for the outward relaxation of the Ge overlay
Due to rebonding of the second-layer atoms, the formation
vacancies does not cost a large amount of energy. The
ance between the energy gain from the strain relaxation
the energy cost from forming the vacancies determines
optimal periodicity of the 23n reconstruction.

FIG. 1. 23n reconstruction viewed from above (n58). Filled
circles are for atoms in the topmost layer~dimers! and open circles
for atoms in the layer beneath.Dy shows the direction in which
separation between rows of dimers is measured in Fig. 3.
6-3
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The optimal value ofn can also be affected by strain relie
due to possible Si-Ge intermixing. Several recent exp
ments have suggested that significant Ge migration into s
surface regions may occur at typical growth temperatu
~500 °C–700 °C!.12–16 In a scanning tunneling microscop
study,17 empty-state imaging was successfully applied
identify intermixing sites for submonolayer Ge coverages
posited on Si~001!. The study confirms that a measurab
degree of Si-Ge place exchange occurs in the first laye
temperatures as low as 57 °C~330 K!. The stoichiometry of
the entire wetting layer is, however, very difficult to dete
mine precisely from experimental measurements.11,18Conse-
quently, several questions related to intermixing have
been fully answered.

Our aim, here, is to investigate the evolution of the
3n reconstruction by first considering the case where all
remains in the topmost layers. In this section, we calcu
the optimal value ofn as a function of Ge coverage withou
intermixing and compare the results to experimental m
surements and other theoretical calculations. Then Si-Ge
termixing is discussed in the next section where we calcu
the compositional profiles for Ge occupation in subsurfa
layers and determine the effect of intermixing on the optim
surface reconstruction. The simulations in this section an
Secs. III B 1 and III B 2 are performed at a very low tem
peraturekBT50.001 eV ~11 K!, because determining fre
energy differences at higher temperatures is not a straigh
ward task, especially when comparing systems with differ
stoichiometries. Finally, the temperature dependence of in
mixing is discussed in Sec. III B 3.

The following reference energiesEp(uGe) are obtained for
comparing the relative stability of different 23n reconstruc-
tions28.668,28.316,28.079,27.607, and27.612 eV~per
dimer! for Ge coverages of 0.5, 0.8, 1.0, 2.0 and 3.0 M
respectively. The small but surprising decrease inEp when
the Ge coverage increases from 2 to 3 ML is explained
subtle effects due to the relaxation of the underlying Ge l
ers and the Si substrate. Interestingly a similar change
observed in tight binding calculations by Liet al.19 For each
coverage, the formation energyEf(n) is calculated for dif-
ferent values ofn ranging from 4 to 16, and using the ob
tained values forEp and Ef , we then use Eq.~1! to deter-
mine thej(n) values for comparing the relative stability o
the different reconstructions.

In Fig. 2, we show the energy difference per Ge dim
between a 23n reconstruction and the reference surfa
with 231 ordering. We notice that for the 0.5 ML coverag
vacancy lines are energetically favorable only for very la
values ofn andj(n) curve has no minimum forn<16. This
indicates that while a low concentration of dimer vacanc
is favorable at small submonolayer coverages of Ge,
vacancy-vacancy interactions are likely to be too weak for
organized line pattern to appear on the surface. When the
coverage is increased to 0.8 ML, a weak minimum appe
in thej(n) curve betweenn512–14. Further increase in th
thickness of the Ge overlayer leads to a shift in the optim
value ofn such that at 1.0 ML coverage the minimum is
n510 and at about 2 ML coverage a saturation point
reached after which the optimal value remains atn58. The
08532
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shift toward smallern values is accompanied by an increa
ing gain in energy until 2 ML coverage is reached. Furth
reduction of the periodicity beyond 2 ML coverage is en
getically unfavorable due to a repulsive interaction betwe
dimer vacancy lines. The repulsion is mediated by subs
face atoms under the vacancy line which are strained du
a distortion from the usual diamond lattice positions. T
interaction between the two local strain fields results in
effective repulsion between the vacancy lines.

The dimer vacancy lines act as a strain relief mechan
by providing space for the expansion of the Ge overlay
Figure 3 shows the average separation between row
dimers ~in the direction of the dimer bond! on a 2310 re-
constructed surface. For comparison, we also show the a
age row separation on a 231 reconstructed surface. The ro
separation is measured in the direction perpendicular to
dimer bonds~and perpendicular to the vacancy lines! ~see
Fig. 1 for illustration!. Two vacancy lines are located at th
edges of the surface area shown in the figure. We notice
the separation between the Ge atoms increases signific

FIG. 2. Energy change per Ge dimer to form a 23n reconstruc-
tion from a 231 reconstructed surface obtained from MC simu
tions atkBT50.001 eV~11 K!.

FIG. 3. Average separation between rows of dimers~in the di-
rection of the dimer bond! on 2310 and 231 reconstructed surface
with 2.0 ML Ge coverage. The row separation is measured in
direction perpendicular to the dimer bonds~marked asDy in Fig.
1!. The vacancy lines in the 2310 reconstruction are situated a
positions with indeces 0 and 9. The simulation temperature iskBT
50.001 eV~11 K!.
6-4
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in the whole region between the two vacancy lines wh
compared to the 231 surface. The relaxation is largest ne
the vacancy lines. Decreasing the periodicity ton58 ~opti-
mal for 2 ML coverage! provides further room for relaxation

Very similar results have been reported in experimen
studies of Ge on Si~001!.18,20,21All studies have indicated
that the 23n reconstruction appears when approximately
ML of Ge has been deposited on the surface. In addit
continued deposition leads to a decrease in the average v
of n until saturation is reached around 2 ML Ge covera
Different groups have reported slightly different values on
depending on the growth conditions. For example, at 0.8
coverage, the measured values range fromn517 ~Ref. 20! to
n511.18 Around 1.5 ML coverage, the values have d
creased ton59 –10 ~Refs. 18,20! and convergence ton'8
around 2 ML coverage has been reported by several gro
~Refs. 20,21 and references therein!. Because further reduc
tion of the periodicity is energetically unfavorable, the
3n reconstruction becomes less effective in reducing
strain in the system as the Ge film thickens. Experime
show that other structures begin to appear on the sur
beyond 2 ML coverage~e.g., a so-calledm3n pattern
emerges where additional trenches form perpendicular to
dimer vacancy lines in the 23n reconstruction.11!. In addi-
tion, experimental evidence shows that the distribution on
is broad for low Ge coverages and becomes narrower w
increasing coverage.18 The same trend can be seen in Fig
where the energies forn512–16 at 0.8 ML coverage ar
almost degenerate, but as the Ge coverage increases
j(n) curve becomes steeper around the minimum. T
deeper and narrower potential well indicates that the dis
bution ofn will be narrower on surfaces with larger Ge co
erages.

The distribution ofn is related to the number of kink
which appear in the individual vacancy lines. Experime
show that when the vacancy lines first appear on the surf
they have a highly disordered structure.18 The ordering of
missing dimers into straight lines becomes energetic
more favorable as the thickness of the Ge layer increa
This straightening of the vacancy lines is associated with
narrowing of the distribution of the average line separati
In this work, we have only considered the idealized case
straight lines with a fixed line spacing. However, we a
currently investigating possibilities of simulating a changi
vacancy-line configuration with kinks and no restrictions
the line spacing as an application of the hybrid MC-M
algorithm mentioned in Sec. II.

The 23n reconstruction has been previously investiga
using, e.g., the empirical Tersoff potential,21 the tight binding
~TB! method,19 and even first-principles calculations.10 The
results obtained in these studies are not directly compar
because varying approaches have been used to compa
relative stability of 23n reconstructions. The method use
in the present work and, in our view, the one correspond
most closely to experimental conditions~see Sec. II for de-
tails! was introduced recently by Oviedoet al.10 and further
modified by Li et al.19 In the latter tight-binding study, the
valuesn58, 6, and 4 were obtained for Ge coverages of
2, and 3 ML, respectively. Surprisingly, our empirica
08532
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potential based approach produces results in much cl
agreement with experimental observations than do the
calculations. The authors of Ref. 19 explain that the discr
ancy between their TB calculations and experiments may
due to the fact that the experimentally observed structu
may not correspond to thermal equilibrium due to kine
reasons and experiments may also be influenced by inter
ing of Ge into subsurface layers. In our MC simulation
however, the surface is also in thermal equilibrium as in
TB calculations and yet our results correspond closely
experimentally observed changes in the 23n reconstruction.
For comparison purposes, we also performed the same
culations using the Tersoff potential T3 which gives the f
lowing optimal periodicities for the 23n reconstruction:n
510, 6, and 6 for Ge coverages of 1, 2, and 3 ML, resp
tively. These values are closer to those predicted by the
model (n510, 8, and 8!, although the T3 model gives
deeper and narrower potential minimum for 2 and 3 M
coverages than does SW. We note that since the same s
lation method was used for the SW and T3 calculations,
differences result only from the use of different potent
models, whereas the TB results were obtained from st
calculations of much smaller systems at constant volu
which may lead to other effects in addition to the propert
of the interaction model itself. To further investigate this
sue, questions related to effects of intermixing are studie
the next section.

B. Intermixing

Studying the effects of intermixing is complicated due
an interplay of thermodynamic driving forces, effects of e
tropy, and kinetic limitations. Our approach is to first co
sider the system at the low-temperature limit, where str
relaxation is the main driving force for intermixing. Equilib
rium Ge distributions are obtained by direct simulati
where, in addition to the usual MC moves, randomly selec
pairs of Si and Ge atoms can exchange positions. All
atoms are initially placed in the top layers. Some additio
runs were performed to check that the same average d
bution is obtained regardless of the initial state~e.g., we can
start with a random mixture of Si and Ge atoms or cool
system down from a higher temperature!. We can now esti-
mate how strain-relief driven intermixing affects the relati
stability of the different 23n reconstructions. This is don
by calculating the energy difference between the intermix
state and the system with all Ge placed in the top laye
Secondly, we consider how temperature affects the in
mixed distributions. The surface intermixing distributions a
obtained at various temperatures and the results are c
pared with experimental measurements and with previ
theoretical calculations.

1. Strain relaxation

Let us now consider the low-temperature limit whe
Si-Ge intermixing is driven by strain relaxation. The purpo
is to investigate the energetical reasons for intermixing a
its effect on the optimal periodicity of the 23n reconstruc-
tion. Our MC simulations do not have kinetic limitations, b
6-5
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equilibration times become longer at low temperatures
cause once a near-equilibrium configuration is formed, it
comes increasingly unlikely that a favorable Si-Ge pair
randomly selected for the attempted exchange. Conseque
reaching full equilibrium requires simulation runs up
200 000 MC steps~averages are calculated over the la
20 000 steps!.

In Figure 4 we show the average distribution of Ge ato
as a function of distance from the surface for 2 and 3 ML
coverages and for 231 and 238 reconstructed surfaces. Th
temperature iskBT50.001 eV~11 K!, and thus the distribu-
tions correspond to configurations where Ge atoms occ
lattice sites with lowest energy. Coverages of 1 ML and
low are not shown for clarity because there all Ge remain
the top layer due to its lower surface energy. For the lar
coverages, we notice that the Ge distribution is dependen
both the thickness of the Ge layer and the reconstructio
the surface. In addition, Ge atoms show clear preferenc
certain lattice sites due to local variations in subsurface st
which are caused by the surface reconstruction~see Sec.
III B 2 for details!. The stepped shape of the distributio
curves follows from this strong site preference and from
fact that these distributions are obtained at a very low te
perature where entropic effects do not smooth out the dif
ences in energy.

For 2 ML coverage, less than 20% of the second-layer
atoms have moved to the third layer when the surface is 238
reconstructed, compared to over a half in the 231 case. This
indicates that the 23n reconstruction is effective in relieving
large part of the strain in system, and thus the need for
termixing decreases when compared to the 231 surface. On
the other hand, it can be energetically more favorable
increase the periodicity of the reconstruction while hav
more intermixing in the system. Figure 5 shows that this
indeed the case: for 2 ML coverage the optimal value on
shifts fromn58 to larger values when intermixing occurs~a
very weak minimum is observed atn512, but taking into
account the accuracy of the calculations, the same en

FIG. 4. Strain-relief driven intermixing: Ge occupation pro
ability as a function of distance from the surface~in atomic layers!
for ~a! 2 ML Ge coverage and~b! 3 ML Ge coverage. Data for 231
and 238 reconstructed surfaces are shown. The distributions w
obtained atT511 K.
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values are obtained forn512 and 16!. STM measurements18

show similar behavior: for 1.5 ML of Ge grown at a lowe
temperature, post-deposition annealing at 760 °C change
observed value ofn from 9 to 14. The annealing enables th
system to overcome at least part of the kinetic barriers
fecting subsurface diffusion of Ge, and consequently the
riodicity of the vacancy-line structure changes as a respo
to the strain relaxation provided by intermixing.

For 3 ML coverage, Fig. 4 shows that the second laye
fully occupied by Ge provided that the surface is 238 recon-
structed, whereas large part of third-layer atoms have mo
to the four substrate layers beneath the Ge overlayer. The
migration into layers 5–7 is enabled by the vacancy lines
the surface because such accumulation does not occur in
231 reconstructed system. Figure 5 shows that for the 3
coverage, intermixing leads to a large gain in energy but d
not affect the optimal periodicity of the 23n reconstruction.
This is due to the fact that intermixing provides addition
strain relief which cannot be accomplished by further red
ing the periodicity of the reconstruction. In experimental sy
tems, the degree of intermixing increases rapidly as a fu
tion of temperature. Thus based on the need for additio
strain relief, it is possible that intermixing could change t
surface morphology in the 2–3 ML regime by postponing t
onset of 2D islanding and the formation of them3n pattern.

2. Site selectivity

Now we will discuss the site selectivity of Si-Ge inte
mixing which is induced by the two main factors: dim
rows and vacancy lines. As an example, in Fig. 6 we sho
snapshot of a typical configuration obtained from a simu
tion of intermixing in a system composed of 3 ML of Ge o
Si~001!. In this we observe that the region under the vacan
lines is clearly unfavorable to Ge occupation. This is due
the fact that the vacancy lines induce atomic displaceme
in their vicinity, which in turn leads to a local compressiv

re

FIG. 5. Effect of strain-relief driven intermixing on the relativ
stability of different 23n reconstructions. Results for 2 and 3 M
coverages are shown. The data for the case without intermixing
the same as shown in Fig. 2. For coverages up to 1 ML, the sur
structure does not change because all Ge remains in the top lay
T511 K.
6-6
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strain in this region. In addition, the dimer rows produ
similar local fluctuations in the strain field which results
alternating Si and Ge atoms in the third and fourth laye
Consequently, the optimal surface structure is determined
a complex interplay of vacancy lines and subsurface dis
bution of Ge.

Figure 7 shows typical lattice sites which are favorable
Ge occupation. The degree of Ge occupation in the vari
sites depends on the amount of Ge on the surface~e.g., only
first layer sites are occupied at submonolayer coverages!. In
Fig. 7~a! the surface is viewed from the side along the dire
tion of the dimer rows. The dimerization of the atoms in t
surface layer results in significant distortions in the positio
of the atoms in subsurface layers. Consequently, the t
and fourth layer sites under the troughs~labeled sites 3b and
4b! are clearly more favorable to Ge occupation than are
sites under the dimer rows~labeled 3a and 4a!. This prefer-
ence for sites 3b and 4b was also predicted by the empi
Tersoff potential;22 but in contrast to those results whic
show a strong reduction in the second-layer Ge concen
tion, we find that, for the SW potential, the Ge occupation
layer 2 is clearly above that in layers 3 and 4~counting both
a and b sites in layers 3 and 4!. Our results are in agreemen
with recent density functional theory~DFT! calculations16,23

which also predict Ge occupation in the second layer
strong preference to sites under the troughs in layers 3 an

FIG. 6. Snapshot of a typical configuration obtained as a re
of intermixing in a system with 3 ML of Ge on Si~001!. Si atoms
are shown in dark gray and Ge atoms in lighter gray~dimers! or
white ~underlying layers!. The view direction is along thex axis
shown in Fig. 1~dimer bonds are directed toward the viewer!.

FIG. 7. Site selectivity in intermixing~schematic!. Lattice sites
which are under tensile strain and thus favorable for Ge atoms
marked with filled circles and sites under compression and t
favoring Si occupation are marked with open circles.~a! Side view
of the surface along they axis ~in the direction of the dimer rows!.
~b! Side view of the surface along thex axis ~in the direction of the
dimer vacancy lines!. See Fig. 1 for top view of the surface showin
the coordinates.
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This picture is further supported by several experiments12–16

which indicate Ge diffusion down to at least the fourth lay
with no reduction in the second-layer occupation.

In Fig. 7~b! the surface is viewed from the other sid
along the direction of the dimer bonds. A dimer vacancy li
in the 23n reconstruction is visible on the surface. The fo
mation of missing dimers causes significant movement o
large number of atoms in the vicinity of the vacancy line
the exposed second-layer atoms rebond in order to reduc
number of dangling bonds. The inward relaxation leads t
compressively strained region near the vacancy line wh
becomes unfavorable to Ge occupation. The effect of
vacancy line is reflected down to at least the seventh la
beneath the surface. Note that energetically less favor
sites in deeper layers are only occupied after the total amo
of Ge becomes sufficiently high.@See Fig. 6 as an exampl
showing 3 ML of Ge on Si~001!#. On a 231 surface, there is
no preference to sites in layers 5–7 due to the absenc
dimer vacancy lines as shown by the occupation probabili
in Fig. 4.

In order to be able to directly compare our results to e
lier studies, we used a static energy minimization method
calculate the energy cost of substituting a Ge atom in diff
ent sites near the Si~001! surface. For comparison purpose
we calculated the binding energies using both the SW
the Tersoff7 potentials. Table I summarizes the results o
tained using the empirical potentials~SW and Tersoff! and
earlier DFT results. All calculations show that the first lay
is most favorable to Ge atoms. The compressively strai
sites under the dimer rows~3a and 4a! are clearly higher in
energy than are the tensile sites under the troughs~3b and
4b!. The difference comes when the binding energy of
second-layer sites is compared to the energies of the c
pressive sites 3a and 4a. The Tersoff potential predicts
the second-layer sites are higher in energy than both the
sile and compressive sites in layers 3 and 4. In contrast,
SW potential gives qualitatively similar results to the DF
calculations which give an energy value in between the a
b sites in layers 3 and 4. As mentioned earlier, experime
support the latter result.

lt

re
s

TABLE I. Energy cost of substituting a Ge atom for Si in di
ferent sites near the Si~001! surface relative to the first layer~in
eV!. For the DFT results the difference between sites 1a~buckling-
up! and 1b~buckling-down! is also given. The DFT calculations ar
from Ref. 16. Results using both the local density approximat
~LDA ! and the PW91 exchange-correlation function are quot
The surface is 231 reconstructed in all cases.

Layer SW Tersoff LDA PW91

1a 0 0 0 0
1b 0.134 0.149
2 0.244 0.230 0.314 0.363
3a 0.289 0.133 0.361 0.415
3b 0.183 0.121 0.292 0.344
4a 0.274 0.173 0.344 0.419
4b 0.199 0.103 0.291 0.348
6-7
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We note that the binding energies shown in Table I do
include correlation effects between multiple Ge atoms or
fects resulting from the growing strain when several Ge l
ers are placed on the surface. In addition, significant effe
due to the 23n reconstruction are disregarded in these c
culations. In contrast, the strength of the MC approach is
all these factors are directly included in the simulation, a
as an outcome we obtain the equilibrium distribution fo
given Ge coverage. The occupation probabilities in Fig
give the low-temperature limit of the distribution. We no
extend the study to higher temperatures in order to incl
entropic effects.

3. Effect of temperature

In our MC simulations, the movement of the Ge atoms
not limited by kinetic factors as in real systems since we
not attempt to mimic the actual diffusion mechanisms. In
full thermodynamic limit, where intermixing is allowed t
occur in the whole system, Si/Ge alloy is formed in the bu
region with constant average ratio of Si and Ge. The fract
of Ge in the bulk alloy increases linearly as a function of t
total amount of Ge in the system after initial accumulation
surface areas~most Ge will stay near the surface when t
total amount of Ge is very low!. In addition, the distribution
of Ge is also affected by temperature: the lower the temp
ture, the higher is the Ge occupation in surface layers
consequently the bulk fraction decreases; e.g., for 20% t
Ge content, the bulk fraction of Ge is;0.16 at 600 °C,
;0.15 at 300 °C and only;0.02 close to the static limi
(kT50.001 eV).

In real systems, bulk diffusion of Ge is practically neg
gible at usual growth conditions, but as mentioned, sev
experiments have indicated that near the surface Ge
etrates down to at least the fourth layer at temperature
low as 400°C. The physical origin of this much higher d
fusion rate in the surface region is explained by the differ
nature of diffusion mechanisms near the surface. Ge diffu
in bulk Si by two main mechanisms: substitutiona
interstitial exchange and vacancy diffusion. The excha
process, in which Ge diffusion is assisted by a Si interstit
has been shown to be clearly faster in the surface reg
because the formation energy of Si interstitials is sign
cantly lower near the surface than in the bulk.16 Thus, in the
MC simulations, we must limit the intermixing to a phys
cally suitable region near the surface, which will allow us
study the quasiequilibrium situation where the surface lay
are in thermodynamic equilibrium but no Si-Ge exchange
deeper layers occurs. Following both experimental evide
in Refs. 12–16 and the DFT calculations in Ref. 16,
chose the intermixing region to extend four or five laye
below the surface depending on the Ge coverage.

In Fig. 8 we show the occupation probabilities of Ge
layers 1–4 as a function of Ge coverage at~a! 76 °C and~b!
600 °C. A 39-layer slab was used for these simulations
cause it was found to be sufficient for distribution averag
The data show that the total amount of intermixing increa
significantly as the temperature is raised. At the lower te
perature, the third and fourth layers become populated by
atoms only after 1 ML coverage is reached. At the high
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temperature, a notable amount of Ge is present through
the surface region with third and fourth layers becomi
populated even at low coverages. This agrees well w
experiments12–14,16 which show Ge occupation down to a
least the fourth layer with second layer occupation com
rable to the occupation of the tensile sites in layers 3 and
In addition, the dashed lines in Fig. 8~b! show the effect of
allowing intermixing to occur in the whole system.~Note
that here the results depend on the thickness of the sim
tion slab which determines the total amount of Ge in t
system. Here the total amount of Ge is;15% for the 3 ML
coverage.! Figure 8~b! can also be compared directly to
corresponding figure in Ref. 15 which shows the results
experimental measurements at 500 °C for 0.2–1.5 ML
coverages. The shape and order of the curves in the
figures is very similar, showing clearly largest Ge concent
tions in the first and second layers with the growth rate
creasing in the first layer and increasing in the second la
Within the accuracy of both of these studies, the calcula
and measured concentrations are well of the same order

Experiments have also indicated that Ge occupation
larger in the tensile sites in layers 3 and 4~3b, 4b!.16 We
have already seen that the energy of substituting a Ge a
in the different sites in layers 3 and 4 is clearly lower for t

FIG. 8. Ge occupation probabilities in each atomic layer a
function of Ge coverage obtained from MC simulations at~a! kBT
50.03 eV~76 °C! and~b! kBT50.075 eV~600 °C!. The surface is
2310 reconstructed. The intermixing region covers layers 1–4~up
to 1 ML Ge coverage! or layers 1–5~for larger coverages!. The
dashed lines in~b! show the effect of allowing intermixing to occu
in the whole bulk region.
6-8
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RECONSTRUCTION AND INTERMIXING IN THIN Ge . . . PHYSICAL REVIEW B 68, 085326 ~2003!
tensile b sites than for the compressively strained a sites
very low temperatures~e.g., for the data in Fig. 4 obtained
11 K!, only tensile sites in layers 3 and 4 are occupied by
Table II shows the fraction of Ge atoms in layers 3 and
which occupy tensile b sites. Data for a range of Ge cov
ages at two different temperatures is given. Note that
total amount of Ge in the 3rd and 4th layers depends stron
on the total Ge coverage. At low coverages there are v
few Ge atoms in the 3rd and 4th layers and at low tempe
tures they occupy mainly the energetically more favorabl
sites. At higher coverages, the amount of Ge in the 3rd
4th layers increases and consequently some Ge atom
driven to occupy the compressive a sites even at low t
peratures. At higher temperatures the amount of Ge atom
the a sites increases for all coverages, but in agreement
the experimental observations, a majority of the Ge ato
remain in the tensile b sites even at 600 °C. This leads to
ordered structure in subsurface layers as has been obs
in growth experiments for Si/Ge alloys on Si~001!.24

We would like to point out that detailed quantitative com
parison of calculations and experimental data is not viabl
the moment due to rather large variations in different sets
experimental measurements. These variations are expla
in part by the difficulties in obtaining experimental data
subsurface intermixing and in part by different experimen
conditions. In addition, kinetic factors are not included in t
theoretical calculations, but they may have a significant
fluence on the experimental measurements.

In several DFT studies, the Ge occupation probabilit
have been obtained by first calculating the energy of sub
tuting a single Ge atom at the various sites in subsurf
layers and then using either the Fermi-Dirac distribut
~number of Ge atoms in the unit cell not fixed!16,25 or the
Boltzmann distribution~fixed number of Ge atoms in the un
cell!23 to calculate the occupation probabilities at differe
temperatures. Two main simplifications are made in th
studies:~i! The coverage dependence of the Ge binding
ergy is neglected~the occupation probability of a given sit
is assumed not to depend on the configuration of other s!
and~ii ! 23n reconstruction is not included. Table III show
a comparison of our results and results obtained in the th
DFT studies mentioned above. Two different cases are c
sidered: 1.0 ML of Ge at 600 °C and 1.6 ML at 700 °C. T
surface is 231 reconstructed in all cases. The agreemen
found to be fairly good, especially when taking into accou
the differences between simulation methods and the te
niques of obtaining the occupation probabilities. Furth
more, in Ref. 16 the DFT results for the 1.6 ML case we
compared with Auger electron diffraction~AED! measure-

TABLE II. Fraction of Ge atoms occupying tensile b sites
layers 3 and 4. The surface is 2310 reconstructed. The statistica
errors are of the order 0.001.

76 °C 600 °C
site 0.8 ML 1.5 ML 2.0 ML 0.8 ML 1.5 ML 2.0 ML

3b 1.000 0.951 0.922 0.820 0.785 0.747
4b 1.000 0.861 0.815 0.696 0.666 0.644
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ments of a corresponding experimental system and the
sults were found to be in good qualitative agreement. Si
the differences between the DFT and our data are very sm
our results would give similar agreement with the expe
ment. The main difference between our results and the
ferent DFT calculations is that we obtain slightly lower G
occupation in the second layer and slightly higher occupa
in the third and fourth layers, which could be due to Ge-
correlation effects.

IV. CONCLUSION

In this paper, we have investigated the two princip
strain-relief mechanisms, namely, reconstruction and Si
intermixing, in a heteroepitaxial system of Ge on the Si~001!
surface. Strain-relief related phenomena, such as the r
rangement of the reconstruction and Si-Ge intermixing,
cur over large distances, and can be studied with
empirical-potential based MC method for much larger s
tems than those feasible toab initio or TB calculations. As a
result, we have been able to investigate the combined eff
of intermixing and reconstruction at a Ge-covered Si~001!
surface.

In close agreement with experimental observations,
results show that the surface undergoes a structural evolu
as the thickness of the Ge layer increases. In the absenc
Si-Ge intermixing~e.g., at low growth temperatures!, the op-
timal periodicity of the 23n reconstruction first decreases
Ge is deposited on the surface and then saturates ton58 at
about 2 ML coverage. The effect of intermixing on the op
mal reconstruction is found to be strongly dependent on
thickness of the Ge overlayer. At about 2 ML coverage, m
of the strain can be relieved either by formation of dim
vacancy lines (23n reconstruction! or by Si-Ge intermixing.
Thus the optimal periodicity of the 23n reconstruction in-
creases as a result of intermixing, as also observed exp
mentally. For coverages above 2 ML, the need for additio
strain relaxation grows further. Consequently the optimal
riodicity of the reconstruction remains unchanged but int
mixing leads to a large energy gain. In addition, the surfa

TABLE III. Comparison of Ge occupation probabilities in sub
surface layers obtained using the SW potential based MC me
~current study! and DFT calculations from Refs. 25~DFT1!, 23
~DFT2! and 16~DFT3!. The first set of results~DFT1, DFT2, SW1!
is for 1.0 ML Ge coverage at 600 °C and the second set~DFT3,
SW2! is for 1.6 ML coverage at 700 °C. The surface is 231 recon-
structed in all cases. The statistical errors for the SW data are o
order 0.001.

1.0 ML at 600 °C 1.6 ML at 700 °C
Layer DFT1 DFT2 SW1 DFT3 SW2

1 0.705 0.648 0.694 0.893 0.836
2 0.111 0.131 0.095 0.257 0.251
3a 0.067 0.028 0.041 0.156 0.137
3b 0.133 0.082 0.168 0.303 0.367
4a 0.048 0.032 0.063 0.150 0.183
4b 0.121 0.078 0.149 0.293 0.338
6-9
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reconstruction induces atomic-scale variations in the st
field near the surface, which in turn leads to a strongly s
selective distribution of Ge in the subsurface layers.

This study has focused on investigating the thermo
namic driving forces behind structural changes during
growth of Ge on Si~001!. We have shown that the evolutio
of the surface is characterized by an interplay of differ
strain-relief mechanisms. In addition, kinetic effects play
significant role during growth which is inherently a noneq
librium process. In this work, we have considered two li
iting cases concerning intermixing: full segregation of G
and full thermal equilibrium in surface layers. Most expe
ments are likely to lie somewhere in between these two l
its. Nevertheless, being in good agreement with the tre
observed in experiments, our study indicates that the
n

s
e,

k

r,

sk

S
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approach with a good interatomic potential could provide
plausible framework for describing the incipient growth
Ge on Si~001!.
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