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Self-organization, shape transition, and stability of epitaxially strained islands
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Institute of Materials Research and Engineering, National University of Singapore, Singapore, 119260

~Received 27 September 1999!

Three-dimensional computer simulations are carried out to investigate the self-organization, shape transition,
and stability of epitaxially strained islands during controlled annealing. In the simulations, the strain energy
density, surface energy density, and surface energy anisotropy are taken into account. It is found that the
phenomena of ripening or nonripening, strong self-organization or weak self-organization, and shape transition
or nonshape transition of the island array can be obtained with only slight changes in the surface energy
anisotropy. With these simulation results, the inconsistencies that exist in the experimental results are
discussed.
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INTRODUCTION

Strain-induced self organization of epitaxial islands h
drawn considerable attention due to potential application
the fabrication of optoelectronic and microelectronic devic
However, there are many controversial issues that exist in
growth of epitaxially strained islands. Experimental resu
with Ge/Si~001! systems at temperatures 475,1 575,2 and 603
K ~Ref. 3! show that islands adopt pyramid, or hut shap
with square or elongated square bases and faceted surf
These islands are believed to be in a meta-stable state, w
does not undergo ripening upon growth interruption.1–3 The
experimental results with Ge/Si~001! systems at 823 K~Ref.
4! show that pyramidal islands are formed first and th
transform into a spherical-capped shape, called a do
Pyramids and domes can coexist, with neither experienc
ripening. Experimental results with Ge/Si~001! systems at
923 K ~Ref. 5! show that the hut islands and dome islan
can coexist, however, both are unstable and undergo ri
ing. Experimental results with Si0.8Ge0.2/Si~001! at 1028 K
~Ref. 6! show that strain-induced hut islands can stron
self organize into an almost uniform and regular squa
array. Experimental results with Si0.8Ge0.2/Si~001! at 1123 K
~Ref. 7! show that strain-induced islands can weakly se
organize at early stage and thereafter undergo ripening.

For the experiments with Ge/Si~001! systems, the non
ripening islands are obtained at temperatures below
K;1–3 the coexisting and stable islands are obtained at
K;4 and the coexisting and unstable islands are obtaine
923 K.5 The strong self organization of islands
Si0.8Ge0.2/Si~001! occurs at 1028 K,6 while weak the self
organization of the same system occurs at 1123 K.7 From
these comparisons, our argument is that growth tempera
must play an important role in the stability and self orga
zation of epitaxial islands and the inconsistencies existing
the experimental results are due to the variation of surf
energy anisotropy, which is induced by the variation
growth temperature and material composition.

Energetic analyses8,9 show that islands can be stabl
while simulation results10–12 show that islands are unstab
and undergo ripening. Each of these analyses includes s
energy relaxation as a driving force for island formation a
ripening. For the unstable cases in Refs. 10, 11, and 12,
PRB 610163-1829/2000/61~15!/10388~5!/$15.00
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assume that surface energy is isotropic, while for the sta
cases in Refs. 8 and 9, they assume that the surface ene
cusped at the wetting layer surface and edge surfaces o
islands. Kinetic simulations and energetic analyses in Ref
show that the strong surface energy anisotropy and str
wetting effect can induce a stable hexagonal island ar
Energetic analysis, which treats fully faceted islands w
fixed facet slopes, has shown that changes of surface en
and island volume can result in the shape transition
strained islands.14

It is known that surface energy anisotropy can be chan
by changing the material composition and temperatur15

Two-dimensional analyses16 have shown that, on the on
hand, there is no cusp in the plot of surface energy ver
orientation at finite temperature. On the other hand, if th
is a cusp in the surface energy, then this singular surface
be stable against any small perturbation and it always
mains flat. Since experimental results have shown surf
roughening of thin films and shape transition of strained
lands, it is reasonable to assume that at the temperatures
in the above experiments the surface energy is free
cusps.16 In the previous analyses,8–12,14 the surface energy
either was assumed to be isotropic or to be cusped. Here
will treat the surface energy as a smooth function of surf
orientation.

To do the kinetic simulations of surface evolution requir
the consideration of strain energy, surface energy and sur
energy anisotropy. However, the exact three-dimensio
surface energy form is not available. But some reasona
forms can be deduced from existing experimental resu
The experimental results observed in Ref. 17 have sho
that for Ge/Si systems,~001!, ~105!, and ~103! surfaces are
found to be thermodynamically stable and accordingly th
surface energy densities are local minima. We call th
minima ‘‘first minimum,’’ ‘‘second minimum,’’ and ‘‘third
minimum,’’ respectively. In the~001! plane, an anisotropy
form with fourfold symmetry is assumed.

By considering above factors our three-dimensional sim
lations demonstrate that the change of the surface en
anisotropy can change the self organization, stability a
shape transition of islands. With weak or without surfa
energy anisotropy, islands are unstable and undergo ripen
If the energy barrier between the second minimum and
10 388 ©2000 The American Physical Society
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third minimum is high, then no island transition occurs a
only square based or elongated square-based islands ap
If the energy barrier between the second minimum and
third minimum is intermediately high, then a bi-mode isla
distribution appears. The islands can coexist without rip
ing even when subjected to long-time annealing. If the
ergy barrier between the second minimum and the th
minimum is low, then all islands evolve into the third min
mum without being trapped in the second minimum. W
the present simulation results, the discrepancies existin
the experimental results can be explained.

PROBLEM FORMULATIONS

We assume that the top surface of the substrate is cov
with an epitaxial thin film of thicknesshf . Both thin film and
substrate are modeled as isotropic, linear elastic solids
the same shear modulusG and Poisson’s ration, but differ-
ent lattice parameters. Letaf and as denote the stress-fre
lattice spacing of thin film and substrate, respectively. Defi
the mismatch strain,«0 , as «05(af2as)/as . The corre-
sponding strain energy density,v0 , in the planar film is
given by v052G«0

2(11n)/(12n). At time t50, the sur-
face is perturbed randomly. Upon constant temperature
nealing, the film surface starts to roughen and breaks up
islands.

Surface diffusion is driven by a variation of chemical p
tential m, which causes atoms to migrate from regions
high-chemical potential to those of low-chemical potenti
There are three contributions to the chemical potential of
atom on the surface of the thin film. The first is the energy
the surface, the second is the contribution from surface
ergy anisotropy, and the third is due to the elastic str
energy stored in the volume of material associated with
atom.18 Thus,

m5m01VS v2kg1¹s"
]g

]nD , ~1!

wherem0 is the chemical potential of the bulk,V is atomic
volume of the film,v is the strain energy density,g is the
surface energy, which depends on surface orientation, m
rial composition and temperature,k is the sum of two prin-
cipal curvatures,n is the surface normal vector, and¹s is the
surface gradient operator. From mass conservation, the
mal velocity of the surface in the reference state is

nn5D¹s
2m, ~2!

whereD5Dsds /kT, Ds is the surface diffusion coefficient
ds is the thickness of the diffusion layer,k is the Boltzmann
constant, andT is temperature. The distribution of strain e
ergy density in the system is calculated by a finite elem
method.19 A finite element method is used to solve the d
fusion Eq.~2!, the corresponding weak form is

E
S
nndnndA5E

S
DV¹s

2S v2kg1¹s"
]g

]nD dnndA, ~3!

where, S is the thin film surface. By using the surfac
divergence theorem, assuming symmetrical boundary co
tions, and neglecting the boundary term associated w
ear.
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(]g/]n)•m, wherem is the unit vector normal both ton and
to the boundary curve, drawn outward from the surface
gion the above equation can be written as:

E
S
nndnndA5E

S
DVF ~v2kg!¹s

2dnn

2
]g

]n
"¹s~¹s

2dnn!GdA. ~4!

The above equation is very stiff owing to the termsk and
]g/]n. Hence, a semi-implicit Euler scheme is used to in
grate the equation. The final equation used in the calcula
is

E
S
qdnn1DtVDH F ~¹s

2q1„k222K !q…g

2k
]g

]n
"¹sqG¹s

2dnn1H 2
]¹sq
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where,u,n are curvilinear coordinates of the film surface,q
5Dtnn ,Dt is the time step, L5]n/]u"]n/]u, M
5]n/]u"]n/]n, N5]n/]n"]n/]n, T25LN2M2. A higher-
order finite element is used to solve the above equation.12,19

The abrupt discontinuity in mismatch strain at the film
substrate interface causes some numerical difficulties.
have therefore followed Kukta and Freund,10 and regularized
the problem by introducing a transition region of thickne
hw between the substrate and the thin film. The misma
strain is assumed to vary linearly between«0 at the top of the
transition layer to zero at the bottom. We have found that
numerical results are insensitive to the choice of strain va
tion and transition layer thickness.12 The reason for this lack
of sensitivity is that the volume of material removed fro
the transition layer during surface roughening and island
mation is negligible even if we use a relatively thick tran
tion layer (hf5hw).

We have assumed that the surface energy is a sm
function of surface orientation and its anisotropy is of fou
fold symmetry in the~001! plane surface. Accordingly the
function form for the surface energy is chosen as

g~u,f!5g0$11 f ~u!@h2cos~4f!#%, ~6!
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10 390 PRB 61Y. W. ZHANG
where u is the angle betweenn and @001#, f is the angle
between the projection ofn on ~001! and @100#, g0 is the
surface energy on~001! surface, the functionf (u) and pa-
rameterh are used to describe the surface energy aniso
py. f (u) is chosen to be minimum near~001!, ~105!, and
~103! surfaces except in the isotropic case. The differ
forms of f (u) used in the present simulations are shown
Fig. 1. CaseA is the isotropic case. CaseB has a shallow
second minimum and a high barrier between the sec
minimum and the third minimum~beyond the limit of the
figure!. CaseC has a deep second minimum and a high b
rier between the second minimum and the third minim
~beyond the limit of the figure!. CaseD has an intermediately
high barrier between the second minimum and the th
minimum. CaseE has a low-barrier between the seco
minimum and the third minimum. In all our simulations,h is
chosen to be 1.5. All simulations start from a same initia
random surface.

The present results are normalized asv* 5v/v0 , l *
5 lv0 /g0 , t* 5tg0VD(v0 /g0)4, where,l is length scale,t
is time scale,v0 andg0 are the strain energy density and t
surface energy density at the initially perfectly flat thin fil
surface, respectively. In the calculations, the length a
width of the simulation cell are chosen asX* 524, Y*
524, respectively;hf* 50.1; andhw* 50.1. The finite ele-
ment nodes on the film surface form an array of 65365
points.

RESULTS AND DISCUSSIONS

It should be noted that the relative amount of surface
ergy change is very small, however such a small variation
surface energy can cause a significant difference in isl
evolution. The results of CaseA are shown in Fig. 2. It can
be seen that at the early stages, Fig. 2~a!, the island array can
self organize, but thereafter ripening occurs, Fig. 2~b!. Is-
lands with different size and aspect ratio can be observ
The results of CaseB are shown in Fig. 3. It can be seen th
after the surface breaks up into islands, Fig. 3~a!, the islands
start to self organize, Fig. 3~b!. These islands are stable an
do not undergo ripening even subject to long-time anneal
The final configuration of these islands shown in Fig. 3~b! is
a square array which shows remarkably uniformity and re
larity. Also these islands have a square base and their e

FIG. 1. The plot depicts the variation of the functionf (u) in Eq.
~6! with u for different simulation cases.
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surfaces are slightly faceted. Large islands have an elong
base while small islands have a square base. The resul
CaseC are shown in Fig. 4. It can be seen that after islan
are formed, Fig. 4~a!, they start to evolve and coalesce, a
finally reach a state which does not undergo ripening, F
4~b!. Larger islands adopt an elongated base, while sma
islands adopt a square base. The results of CaseD are shown
in Fig. 5. Islands with square or elongated bases appear
Fig. 5~a!, thereafter, a bimode distribution of islands can
clearly seen, Fig. 5~b!. The smaller islands with lower aspe
ratios do not disappear even when subjected to long-t
annealing.20 The results of CaseE are shown in Fig. 6. Dur-
ing the late stages, only a unimode distribution of islan
with higher aspect ratio appear, which corresponds to
third minimum. This clearly shows that in this case the s
ond minimum does not trap any islands.

From our results, we can see that the surface energy
isotropy determines the self-organization, shape transi
and stability of epitaxial islands. We are very encourag
when comparing the present results with experimental
sults. The results of CaseA are similar to the experimenta
results conducted at very high temperature by Ozkanet al.7

This is because at very high temperature, the surface en
density is nearly isotropic. CaseB shows a remarkable islan
array with good regularity and uniformity. It suggests that
one can choose the surface energy anisotropy by tailoring
material’s composition and/or by changing the anneal
temperature, then a uniform and regular island array can
achieved. This result shows remarkable similarity to the
perimental results of Floroet al.6 CaseC shows a resem-
blance to the experimental results of Moet al.,1 Kastner and
Voigtlander2 and Steinfortet al.3 In their observations, they
found that large hut islands have an elongated shape w
small huts have a square based shape. The elongated is

FIG. 2. The evolution of islands for CaseA ~the isotropic case!;
~a! t* 512.13,~b! t* 537.70. At the initial stages, islands self o
ganize into a relative uniform and regular array, thereafter ripen
occurs.

FIG. 3. The evolution of islands for CaseB; ~a! t* 519.07,~b!
t* 590.41. The islands are able to self-organize into an almost
form and regular squared array and do not undergo ripening.
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FIG. 4. The evolution of islands for CaseC; ~a! t* 517.58, ~b! t* 5100.1. The islands evolve into a state, which does not unde
ripening. These islands are not uniform and regular.
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are oriented in thê001& direction. These observations are
good agreement with CaseC. Hut islands and dome island
were observed to coexist by Medeiros-Ribeiroet al.4 and
Ross, Tersoff, and Tromp.5 Medeiros-Ribeiroet al. found
that there was state in which neither group of islands ex
rienced ripening. This picture is consistent with the results
CaseD shown in Fig. 5~b!. Ross, Tersoff, and Tromp foun
the two groups of islands were unstable and underwent
ening. The group of smaller islands eventually disappea
Since they used growth method, islands had to be nucle
first as huts. After growing large, the huts would transfo
into domes. While the present simulation uses controlled
nealing. During the annealing, the islands are formed a
mixture of huts and domes at first, and eventually all beco
domes. Therefore the experimental results of Ross, Ters
and Tromp are consistent with the picture of CaseE. Since in
this case there is a high barrier beyond the third minimum
shown in Fig. 1, the ripening of the high aspect islands
suppressed. The subtle difference between the two exp
ments is in the growth temperature, which is 100 K differe
We can see that the change of surface energy between
D and CaseE is very small, but the island evolution is quit
different. It is reasonable to believe that such a small cha
of surface energy results from the temperature difference
the difference in the two experiments results from the grow
condition.

It is well known that strain energy relaxation arising fro
the interaction among the islands is a driving force for s
face roughening, while the surface energy is a stabiliz
force working against surface roughening. When a minim
exists in the surface energy, then the surface energy an
ropy provides an additional stabilizing force against surfa

FIG. 5. The evolution of islands for CaseD; ~a! t* 513.91,~b!
t* 528.23. The islands with squared bases are formed first, th
after develop into a bimode distribution of islands. Even when s
jected to long-time annealing, the group of smaller aspect r
islands does not disappear.
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roughening.16 From the present simulations, it can be se
that the high surface energy barrier between minima is c
cial for the island stability; the lower surface energy barr
between minima is crucial for island shape transition; and
depth of the surface energy minima is crucial for island s
organization. For strongly self-organized and stable islan
a shallow second minimum and a high barrier between
second minimum and the third minimum of surface ene
are required. It should be noted that the non-ripening sta
in the present simulations are all in a meta-stable state.
viously, if temperature is increased, the anisotropy will b
come weak and islands will undergo ripening.

It has been shown that large faceted islands have an e
gated shape and small faceted islands have a square-b
shape.21 This conclusion is in agreement with the prese
results when all islands are trapped in the second minim
But it seems that there is another degree of freedom, wh
also controls island shape: the depth of the second minim
Our simulations show that the deeper the second minim
the more likely the islands will have an elongated ba
Many experiments1–3 have shown that the lower the tem
perature the more elongated the island bases. This is co
tent with the present results. But when the islands are trap
in the third minimum, although a fourfold symmetry is a
plied to the in-plane anisotropy, the islands still adopt
dome shape. Hence, the islands with high aspect ratio pr
a dome shape to an elongated hut shape.

The simulations by considering strain energy and surf
energy were also carried out by Chiu.13 In his results, the
initial rough surface developed into a stable hexagonal isl
array, each island in the array adopted a conical shape an
aspect ratio was lower than 0.01, and no island shape tra
tion was observed. The above results are the direct co

e-
-

io

FIG. 6. The evolution of islands for CaseE; ~a! t* 59.46, ~b!
t* 520.05. The islands with squared bases are formed first, th
after all islands are able to evolve into a unimode distribution w
domed shapes.
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10 392 PRB 61Y. W. ZHANG
quence of his assumption on the form of surface energy
isotropy. The conical island shape was caused by
assumption of axisymmetric surface energy, the extrem
low-aspect ratio was caused by the extremely strong sur
energy anisotropy, and the lack of shape transition w
caused by the assumption that only one minimum was
lowed in the surface energy form. Hence, the differen
between the present results and the results in Ref. 13
mainly due to the choice of different surface energy form

The shape transition of epitaxial islands was also stud
by Darukaet al.14 by using energetic analysis. In their anal
sis, the surfaces were treated to be fully faceted with fix
face slopes and no interaction among the islands was ta
into account. Their results showed that the island volume
the relative values of surface energy on the wetting surf
and island side surfaces determined the island transit
However, the present simulation results have shown that
relative values of surface energy levels are not so impor
for the island shape transition. In fact, it is the barriers
tween the surface energy levels that control the transition
island shape.
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CONCLUSIONS

Three-dimensional computer simulations have been c
ducted to simulate the island formation during controlled
nealing. It is shown that the surface energy anisotropy, wh
may be changed by the change in material composition
temperature, plays an important role in the self-organizat
island shape transition, and stability of epitaxial islan
With the present results, the inconsistencies existing in
experiments can be explained. More importantly we h
demonstrated that if we can choose certain surface en
anisotropies by tailoring the material composition and/or
changing the annealing temperature, then strongly s
organized and nonripening island arrays may be obtaine
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