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Monte Carlo studies of stress fields and intermixing in GeÕSi„100… quantum dots
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Intermixing in islands grown on semiconductor surfaces is an important effect, because it drastically alters
the optoelectronic properties. Here, we demonstrate a direct simulational approach, based on the Monte Carlo
method, which is able to extract with quantitative accuracy the composition profiles in quantum dots, and link
them to the stress field. We apply this approach to Ge/Si pyramidal islands. We find that the profiles are not
homogeneous, but show strong variations in both the lateral and vertical directions. Outstanding features, such
as Si-rich rings in the island layers, are directly linked to the stress pattern. A limiting behavior of composition
as a function of temperature and island size is predicted.
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I. INTRODUCTION

Germanium islands formed during Ge/Si heteroepita
have been the subject of intense studies during the last
cade. These Si-based quantum nanostructures, usuall
ferred to as quantum dots~QDs!, are of great fundamenta
and technological interest. Much of the latter stems fr
their property to localize and confine strongly the carri
spatially in three dimensions within a nanometer sca
which makes them promising candidates for optically act
devices with strong photoemission signals.1

From a more fundamental point of view, the interest in
dots derives mainly from the remarkable and complex na
of their nucleation and self-organization. Thus, a great ef
has been devoted to unravel the island nucleation proc
and to elucidate the crucial factors that drive this effect. B
strain-driven mechanisms2 and kinetic effects3 have been ex-
plored to this end. Several other intriguing phenomena, s
as self-assembling4 and shape transitions,5 have been exten
sively studied and they are rather well understood.

Despite this progress, some issues about Ge QDs rem
unclear. Perhaps the most significant gap in our knowle
concerns the composition profiles within the islands. Sim
arguments suggest that interdiffusion of species is favo
provided that kinetic barriers are overcome, because it l
ers the effective lattice mismatch and thus reduces the el
strain. Whether this phenomenon takes place during or a
growth, or both, cannot be easily answered. Naturally, hig
growth or annealing temperatures would provide the nec
sary energy to overcome the potential barriers. Also, w
cannot be speculated beforehand is how compositions
within the islands and as a function of temperature and s

A number of experimental studies have recently addres
this issue,6–14 suggesting that intermixing takes place, but
degree and the stage at which this happens remains co
versial. Some of these studies11–14suggested that intermixing
takes place already during growth, especially at high te
peratures, albeit without quantifying its extent. Oth
studies6–8 provided firm evidence that intermixing at me
dium growth temperatures is rather initiated after isla
nucleation, and showed that this is possible at even hig
0163-1829/2002/66~20!/205307~6!/$20.00 66 2053
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temperatures by controlling the deposition rate. But sett
aside this issue for the moment, we could say that the m
important missing information so far concerns the variatio
of compositions in the islands, especially the lateral on
which are completely unknown. This ‘‘inhomogeneity que
tion,’’ not just the average Si content in the dots, is expec
to be important for the optoelectronic properties.

In a significant theoretical contribution to the problem
Tersoff15 showed within continuum elasticity theory tha
when islands nucleate on a strained alloy, there is segrega
of the larger-misfit component to the islands. This wo
however, did not address the question of inhomogeneity.
related work, Liuet al.16 found experimentally a nonuniform
composition profile in In0.5Ga0.5As QDs. The theoretica
analysis used to explain this particular profile treated
problem in two dimensions. It assumed that the composit
is determined solely by the variation in strain across
growing island surface, and that there is negligible bulk d
fusion within the island. Thus, when the equilibrium surfa
composition is buried by further growth, it becomes a co
position of the interior. It is not clear whether this analysis
applicable to more general cases, and as far as we k
it has not been applied to Ge QDs. On the other hand, di
simulational approaches to the intermixing problem a
lacking.

We present here a detailed theoretical atomistic desc
tion of intermixing in Ge islands on Si~100!. We use a ‘‘qua-
siequilibrium’’ approach, based on Monte Carlo~MC! simu-
lations, which is consistent with several experimen
observations. We extract with quantitative accuracy the in
mogeneous composition profiles within the islands and at
interfacial regions, and study their dependence on temp
ture and dot size. We show that interdiffusion is driven
significant stress relaxation, both in the islands and in
wetting layer~WL!. We unravel strong variations of compo
sition in both the lateral and vertical directions. In the fo
lowing, we first describe our theoretical methods. We th
analyze the stress fields site by site and show that they
termine to a large degree the composition profile and
extent of intermixing. Finally, we give our conclusions an
prospects for future work.
©2002 The American Physical Society07-1
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II. METHODOLOGY

The key element in any simulational approach to t
problem iscompositionalequilibration of the system. Ther
modynamically, islands are in a metastable phase, and so
can properly sample statistical averages over the local e
librium states. The true thermodynamic equilibrium state
the Ge/Si system would be a dilute GeSi alloy, with Ge
oms dissolved deep in the Si bulk relaxing the epitax
strain. In practice, the system never reaches this state du
the slow bulk diffusion. Instead, strain is relaxed throu
islanding and limited interdiffusion at the surface regio
This is possible because diffusion in the surface region,
cluding the island, the WL, and a few monolayers in t
substrate is much faster and strain enhances this trend.
result of the enhanced diffusion, local equilibrium is esta
lished. So, what is needed to model the situation is a ‘‘q
siequilibrium’’ approach, constrained to sample over the
cal equilibria of the various metastable phases of the G
system in the surface region, as defined above.

Due to high barriers of diffusion, molecular-dynami
methods cannot reach equilibrium in practical times. The
fore, they are not suitable to tackle this problem. Also,ab
initio approaches are impractical, simply because of the
mense number of configurations needed. At present, o
MC methods can achieve this goal, since they can sam
over millions of compositionally distinct equilibrium con
figurations without tracing the actual path of the diffusi
species. In our MC algorithm used here, this is achie
through Ising-type identity flips: we choose randomly a p
of Si and Ge atoms, no matter how distant they are,
attempt to switch their identity~from Si to Ge and vice
versa!. The acceptance of such moves depends on temp
ture and on the local environment. The higher the tempe
ture, the easier to accept the move. Identity flips near
surface are accepted more often than events in the inte
because the barriers are lower; the environment is more
ible to accommodate such changes. At the limit of ma
thousands of flips per site, compositional equilibration
achieved, and the average site occupancies can
estimated.17–19 The overall process models intermixing b
tween the originally pure Ge components~island and WL!
and the Si substrate, while keeping the composition of
whole system constant. The identity flips are accompan
by the usual MC random atomic moves and volume chan
The method was used with success in the past to study e
librium properties of strained SiGe~C! alloys.17–19 Here, we
extend its application to the more complex case of quan
nanostructures.

The simulational cells to start with consist of coherent
islands, having pyramidal shape with a square base and$105%
facets, on top of a WL of Ge and a Si substrate in the~100!
orientation. The top layer of the WL and the dot facets
reconstructed in the usual 231 dimer configuration. The
base of the dots is oriented at an angle of 45° with respec
the dimer rows of the WL.20 The width of the WL is fixed at
3 monolayers~ML !.20 We found a limiting Ge diffusion
depth in the substrate down to 8–10 ML, and so in the f
lowing we report results for cells with 10 ML in the substra
20530
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~the bottom layer is fixed, and identity switches occur do
to 8 ML!. The cells are constrained to have laterally the
lattice dimensions, with relaxation occurring vertically. Pe
odic boundary conditions are imposed in the lateral dir
tions. The size of the dots varies, the largest one contain
1750 atoms arranged in 7 ML, with a base width of;92 Å.
The total number of atoms in the cells approaches 18 0
Although the size of the islands is smaller than observed
experiment, we made sure that the aspect ratio~height over
base width,h/a;0.1) and the contact angle (;11°) are
close to the experimental values.

We emphasize that this study models intermixing once
islands have been already nucleated. This approach is
sistent with experimental evidence6,7 that small pyramidal
islands, such as those simulated here,alloy only after they
have existed for some time after nucleatingat medium
growth temperatures (450 °C to 600 °C). More recent wo
by the same group8 showed that even at elevated tempe
tures (700 °C)pure Ge islands can be grown, prior to S
interdiffusion, by raising the deposition rate. These auth
also showed that SiGe alloyed pyramids form via Si interd
fusion into pure Ge pyramids. Our approach is also con
tent with a wide class of postgrowth annealing experime
reporting siginificant, thermally activated intermixing. The
kinds of experiments indicate a ‘‘quasiequilibrium’’ nature
the process. Based on this, several experimental find
have been interpreted, such as, for example the dome
pyramid shape transition reported by Henstromet al.10 who
pointed out the thermodynamics of this transformation, a
explained it in terms of strain reduction in domes followin
intermixing during annealing. Other situations that are r
evant to our approach include intermixing after the emb
ding or capping of dots with the host material.

Contrary to the above picture, it is often argued by so
researchers, although never shown explicitly, that signific
intermixing occurs at the starting point of growth. This re
soning is counterintuitive: if the strains and the elastic ene
in the wetting layer due to the mismatch were significan
reduced through extensive intermixing, the primary drivi
force for islanding would be dramatically weakened. In su
a case, mainly kinetic factors would be responsible for
landing. This exaggerates the role of kinetic processes.
believe that kinetic barriers significantly limit interdiffusio
until more or less islands of smaller size are formed, es
cially at medium growth temperatures. A quite possible s
nario is that at first strain is mostly relieved by thre
dimensional growth~islanding! and at a second stage b
intermixing. This hypothesis has to be checked in the futu
For the moment, we restrict our analysis within the qua
equilibrium approach described above. Intermixing duri
growth and its extensiveness will be the subject of furth
study ~this requires the insertion of nonequilibrium grow
modes into our algorithm!.

To make the simulations tractable, we use the we
established interatomic potentials of Tersoff for multicomp
nent systems21 to model the interactions. These have be
used with success in similar contexts.17–19 In particular, the
energetics, bonding, and strain fields induced by the Si~100!-
231 surface reconstruction are accurately described. T
7-2
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FIG. 1. ~Color! ~a! Atomic
stresses before, and~b! Ge aver-
age site occupancies after inte
mixing, in the base layer of a py
ramidal island with a side size o
92 Å.
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gives confidence that the stress fields due to islanding
also be treated correctly, and that the reconstruction
the top of the WL and at the island facets will be prope
modeled.

III. RESULTS AND DISCUSSION

A. Stress field

We begin with the analysis of the stress field in the
lands. For this purpose, we use as a probe the concep
atomic level stresses. Their usefulness in unraveling the d
tails of the stress field in inhomogeneous systems has b
demonstrated in the past. A relevant example is the cas
the SiGe~100!-231 reconstructed surface.17 The local stress
can be viewed as an atomic hydrostatic compression~ten-
sion!, defined bys i52dEi /d ln V;pV i , whereEi is the
energy of atomi ~as obtained by decomposition of the tot
energy into atomic contributions; this is readily done in t
present empirical potential approach!, andV is the volume.
Dividing by the appropriate atomic volume,V i converts into
units of pressurep.22 Summing up thes i ’s over a group
of atoms in the system~such as over a ML or over th
whole island! yields the average stress over the spec
configuration.

The application of this site-by-site analysis is demo
strated in Fig. 1~a!, which shows the atoms in the base lay
of the largest island, colored according to their local stres
800 K,beforeallowing atom flips~pure Ge dot!. The stresses
are overwhelmingly compressive, as expected. Only ato
near and around the periphery have neutral or slightly ten
stress.~In general, stresses at the boundaries are tensile
to the dimer reconstruction!. A key finding is that the overal
distribution of stress is inhomogeneous. An outstanding f
ture is revealed by the ring of highly compressed atom
formed around the center of the layer and as we approach
edges. It indicates that atoms near the periphery and a
center are able to relax some excessive stress, leaving
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atoms in the ring overcompressed. Similar patterns are s
in every layer in the island, but the stresses are becom
progressively less compressive and the ring features
away close to the top. While earlier works3,23,24have pointed
out the accumulation of stress and strain energy in the
tom of pyramidal islands, such subtle variations as the lo
overconcentration of stress within a ring, in the bottom la
ers, has not been proposed before. We emphasize tha
cause the stress profile determines to a large degree the
positions, as we shall show below, such stre
inhomogeneities might affect the optoelectronic properties
a different way than what a uniform profile would do.

A more quantitative picture of the stress conditions in t
island at 800 K is given in Fig. 2~a!. Each full symbol de-
notes the average stress in a given layer. The solid line
trays the variation as we move from the base of the isla
~layer numbered 1! to the top. A nonlinear decrease of com
pression takes place. Stress near the top varies more rap
The average stress over the whole islandsQD

be f is 1.4 GPa/
atom. This shows that despite the three-dimensional for
tion and the accompanying outward atomic relaxations,
compressive stress in the dot is still substantial.

A similar analysis is carried out for the WL. The resul
are given in Fig. 2~b!. Interestingly, the middle layer come
out to be significantly more compressed than either the
reconstructed layer~numbered 1! or the layer just above the
Si substrate. To explain this effect consider that in the fi
Ge layer at the interface the bonding is half Ge-Si, and so
mismatch with the Si-Si bonds in the substrate is sma
than the one between the second Ge layer~all Ge-Ge bonds!
and the substrate. The third layer would have been e
more compressed~its mismatch approaches that of strain
bulk Ge! but, being the top reconstructed surface layer
relieves part of the stress. Additionally, the 231 reconstruc-
tion induces large compressive stresses in the layer belo17

which add to the already generated stresses due to the
match. The average stress in the WLsWL

be f is 2.2 GPa/atom.
7-3
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Stress conditions change dramatically when we all
atom-identity flips, and thus permit interdiffusion of speci
between the three components of the system~QD, WL, and
substrate!. Let us analyze the layer-by-layer average stres
shown in Fig. 2~open symbols, dashed lines!. A remarkable
reduction of compressive stress takes place in the QD, e
cially near its base. Now, the average stress in the islandsQD

a f t

is 0.1 GPa/atom, nearly compensated. This shows cle
that the dominant factor driving segregation in the island
stress relaxation, much more powerful in this case than
intrinsic tendency of the Si-Ge system to randomly m
Equally important is the relaxation of stress in the W
where the average stresssWL

a f t is now 0.9 GPa/atom. Much o
the relaxation occurs in the top layer, which is practica
stress free, and in the middle layer.

B. Composition profiles

We map the composition profiles in the islands by extra
ing the local compositions. These are indicated by the a
age site occupancies. Figure 1~b! illustrates the atomic site
in the base of the island, colored according to their aver
Ge occupancy. A highly nonuniform pattern arises. The
riphery is clearly dominated by high Ge probabilities, wh
the interior sites have in general lower Ge occupancies.
markably, the lowest Ge composition is found in and arou
the overcompressed ring of sites, shown in the stress pa
of Fig. 1~a!; this is because sites under compression ten
be occupied by the smaller species in the system.17 Thus,
local stress conditions determine to a large degree the in
mogeneous features of the composition profile. The ot
important factor, that competes with the stress factor in sh
ing up the profile, is the lower surface energy of Ge. T
factor is particularly strong in the periphery and at the fa

FIG. 2. Stresses per layer in~a! the QD and in~b! the WL,
before~full symbols! and after~open symbols! intermixing.
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eted edges. Similar patterns are found as we move up to
top of the island, but with progressively enhanced Ge po
lation, especially at and near the faceted edges.

Our methodology gives with quantitative accuracy t
overall composition profiles in the island, both vertically a
laterally. These are shown in Fig. 3.~Only the base-layer
lateral variation is drawn.! By calculating an average valu
within each layer, the vertical variation of Ge content as
function of the normalized island heighth ~measured from
the base! can be extracted. It is near parabolic and is ve
well fitted with the power-law function,xGe5a01a13ha2,
with a0549.4, a1540.3, anda252.5. Thus, the Ge conten
is slowly varying in the bottom and rapidly varying whe
approaching the top of the island. We checked that t
simple behavior is valid in all cases studied, with the exp
nent lying in the range of values 2.560.2.

Liao et al.13 used energy dispersive x-ray spectrometry
extract the vertical variation of the relative Si/Ge ratio
dislocated islands. They found this ratio to be higher clo
to the substrate, in agreement with our results, but its va
tion is opposite to ours: the Ge fraction increases rapidly
the bottom and remains nearly constant at the top. Poss
sources of this discrepancy might be the neglect in the
perimental analysis of the lateral variations of compositio
which by necessity affect the outcome for the vertical var
tions. In a subsequent work on coherent islands, the s
group14 performed image simulations and compared to tra
mission electron microscopy results, again assuming c
stant lateral composition, and found that the model with
at the top fits the experimental data better, but they did
extract the details of the vertical variation.

The lateral variation is constructed by drawing concen
shells of square shape, starting from the center of the la

FIG. 3. Variations of Ge content in the intermixed island.~a!
Vertical variation.~b! Lateral variation in the base layer. See text f
details.
7-4
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and moving outwards to the edges. Within each shell an
erage Ge content is calculated from the site occupancies,
is plotted versus the normalized radiusR ~from the center!.
An accurate fit to the variation is done using higher-ord
polynomials. Although the polynomial coefficients vary fro
layer to layer, there is a unique and common composit
behavior in all layers in the dot. The variation is charact
ized by slight oscillations of the Ge content up to a distan
of ;0.6–0.7, where a deep minimum appears, and then
steep increase in Ge content when approaching the ed
Thus, the Si content is indeed enhanced within the shell
overcompressed sites near the edges, as observed above
the visual inspection, but not at the boundary, as propose
Chaparroet al.,6 because of the lower surface energy of G

An interesting comparison of our inhomogeneous com
sition profile can be made with the work of Liuet al.16 on
In0.5Ga0.5As QDs. They found an inhomogeneous profi
with an In-rich core having an inverted-triangle shape. T
two profiles agree in that the top region of the island is
riched with the larger-misfit component~fully with In in one
case, mostly with Ge in the other!. A striking difference is
that our profile shows Ge enriching the regions near
edges, even at the bottom of the dot, while they find the
fraction to decrease from center to edge and vanish at
bottom region of the island outside the In-rich core. Th
difference indicates that, beside the chemistry, the lat
variations of stress are dissimilar in the two classes of h
eroepitaxial systems.

The average of site occupancies over the whole isl
yields a Si content of;47% at 800 K. In the WL we find
58%. It is useful to know how the Si content in the dot var
with simulational annealing temperature. This is shown
Fig. 4~a!. A weak dependence is found, the difference b
tween the lowest~300 K! and highest~1300 K! T’s consid-
ered being only;7%. For the proper interpretation of th
result and comparison with experiment, one should bea
mind that our MC simulations can equilibrate the syst
even at low~room! T’s because they are designed to partia
overcome the potential barriers for atom exchanges,
thermal activation only enhances this capability. On the ot
hand, thermal activation is necessary for experiment to
tiate intermixing, because it lowers the diffusion barriers a
thus enhances the interdiffusion rates. Therefore better c
parison of our results with experiment can be made at hig
temperatures.

At this high-T regime (;1150 K), Capellini et al.11

found from photoemission measurements that the Si con
in Ge/Si epilayers~QD plus WL! rises to 72%. Our result fo
the epilayer at this temperature is;55%. A possible reason
for this difference might be again the neglect of lateral var
tions in the modeling used to extract the compositions fr
the measurements. Better agreement is reached with
work of Zhanget al.8 who found a Si content of 56% in
dome islands at;1000 K. At this temperature our pyramid
contain;49% of Si. Taking into account that domes pro
ably have somewhat higher Si contents brings theory
experiment into very good agreement. Indeed, we have
20530
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liminary results from simulations of a dome structure, givi
us 57% of Si, but we need further calculations to estab
this trend.

It is also interesting to know how the Si content in the d
varies with size. We demonstrate this dependence in
4~b!. We observe that the Si content~at 800 K! initially rises
sharply with dot size, but it eventually reaches a limitin
value that seems to stay close to 50% for larger islands. T
means that beyond a critical size the composition rema
nearly constant. This result is also in agreement with
recent work of Zhanget al.8 who found that the composition
appears to be independent of island size.

A comparison with the theoretical predictions of Tersof15

can be readily made if we assume that the WL is alrea
alloyed before the nucleation of islands. According to T
soff, at typical growth temperatures, and for the correspo
ing elastic and misfit strain parameters, a 58% Si conten
the WL yields;55% of Si in the island. We find 47%. Th
small difference might be due both to any inaccuracy in
treatment of strain by the empirical potentials, and to
neglect in Tersoff’s theory of island inhomogeneity. Anoth
interesting comparison is made at the high-T limit where
Tersoff proposes no decomposition of the alloyed film~the
island composition equals the alloyed WL composition!. We
do not observe such behavior even at 1300 K, at which
find 59% of Si in the WL and 53% in the dot. This resu
shows that at this limit the stress factor operates still m
efficiently in the WL.

IV. CONCLUSIONS

We reported in this paper a direct and quantitative sim
lational study of intermixing in Ge/Si~100! quantum dots. We
make the reasonable assumption, supported by experim

FIG. 4. ~a! Annealing temperature and~b! size dependence~at
800 K! of the Si content in pyramidal islands.
7-5
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PH. SONNET AND P. C. KELIRES PHYSICAL REVIEW B66, 205307 ~2002!
evidence, that small pyramidal clusters are formed bef
interdiffusion takes place. Under these conditions, our M
simulations unravel inhomogeneous composition profiles
the islands and show that their nonuniformity is largely d
termined by the stress fields. We specified quantitatively
composition variations in both the vertical and lateral dire
tions. The latter are completely unknown both theoretica
and experimentally, and so this prediction could help exp
mental works to calibrate their measurements for a more
curate investigation of the composition profile.~Experimen-
tal attempts to address this issue assumed a constant la
composition; this affects the outcome for the vertical var
tions, which have to be reexamined.!

The average composition in the pyramidal islands
proaches 50%, and it appears to be independent of siz
good agreement with recent experimental work. We emp
size that the alloyed islands cannot be characterized as
random solutions, because of the inhomogeneous distribu

*Present address: CNRS, Laboratoire de Physique et de S
troscopie Electronique, 68093 Mulhouse Cedex, France.
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