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ABSTRACT

The self-organization of three dimensional quantum dot
superlattices that spontaneously form during heteroepitaxial
growth is investigated by using a three dimensional kinetic
model.  The model predictions show that the multilayer
arrays of quantum dots can be fully or partially aligned
vertically, or completely misaligned with respect to the
buried islands, depending on the thickness of the spacer
layer. In particular, there is a growth window in which a
nearly uniform and regular array of dots is arranged in a
squared lattice with an alternating stacking sequence;
namely, the A-B-A-B stacking sequence.
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1 INTRODUCTION

Quantum dot superlattices offer a host of new
opportunities to fabricate novel optoelectronic and
microelectronic devices [1]. However the fabrication of
quantum dot superlattices with uniform and regular arrays
is still a challenging issue. For heteroepitaxy, the self-
organization of epitaxial films into ordered dot arrays due
to the relaxation of strain energy provides a potential way
to do so.  The heteroepitaxial growth results have shown
that in some cases, the dots can be increasingly uniform and
regular [1-7], while in other cases, they can be misaligned
or even disappear [8-9]. To date, the fabrication of uniform
and regular quantum dot arrays through self-organization is
still a daunting task.

A nucleation model considering the local strain minima
has been used to analyze the island arrangement in
successive layers [10]. It has been predicted by this model
that the top islands should become increasingly uniform,
regular and vertically aligned. A model considering strain-
induced surface diffusion has been used to approximate the
pairing probabilities of the buried islands and the top
islands [4]. Three regimes have been predicted; which are,
correlated, partially correlated, and uncorrelated regimes.

In the present paper, we use a 3D kinetic continuum
model [11] to simulate the kinetic process of island
formation and the pairing property between the buried
islands and top islands separated by a spacer layer during
the  annealing process. Depending on the thickness of
spacer layers, top islands can be fully vertically aligned
with the same morphology as the buried islands, or can be

partially vertically aligned with increasingly less uniform
and regular arrangement, or can be alternately misaligned
with increasingly uniform and regular arrangement.

2 FORMULATIONS

In our simulation cell, the length and width are X and Y,
respectively. A substrate of thickness hs is assumed to be
bonded to a rigid substrate. An epitaxially grown film with
thickness hf sits on the substrate. Between the substrate and
the thin film, a transition layer with thickness hw  is
introduced in which the mismatch strain varies linearly
along the thickness direction. The initial film surface is
perturbed randomly. Driven by the gradient of surface
chemical potential, the film surface undergoes roughening
and breaks up into quantum dots after some interruption
time or annealing time. Thereafter, the island layer is
covered with a spacer layer of thickness hb. The spacer
layer is successively covered with another transitional layer
and thin film layer. The top film layer undergoes annealing
and breaks up into islands again. If this process is repeated,
a quantum dot superlattice is achieved. The spacer layer,
transition layer, film layer and substrate are all modeled as
isotropic, linear elastic solids with the same elastic
property. The lattice spacings of the substrate and the
spacer layers are the same, but different from that of the
film layers. The surface chemical potential may be written
as [12]:

)(0 γκωµµ −Ω+=                                                  (1)

where 0µ  is the chemical potential of the bulk, ω  is the

elastic strain energy density, γ  is the surface energy which

is assumed to be isotropic, κ is the sum of two principal
curvatures, and Ω  is the atomic volume. Based on
conservation of mass, the normal velocity of the surface in
the reference configuration is expressed as:
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surface diffusion coefficient, δs is the thickness of the
diffusing layer, k  is the Boltzmann constant, T is the
temperature, Qs is the diffusion activation energy and



sss ∇•∇=∇ 2  is the surface Laplacian operator.  A finite

element procedure is developed to solve the governing
equations [12]. The present results are normalized as
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l  is the length scale, t  is the time scale, and
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00 νεω −= E . For the last expression, E  is the

elastic modulus, ν  is the Poisson’s ratio, and 0ε  is the

mismatch strain between the island layers and substrate. A
symmetrical boundary condition is used. The following
parameters are used in our simulations: h*s=0.8, h*w=0.1,

=*
fh 0.1, X*=16.0, and Y*=16.0, and the interruption time,

*
at∆  is always 12.0 for the first island layer.

3 RESULTS AND DISCUSSIONS

The quantum dot superlattices with five-island layers

are shown in Figure 1 - Figure 4 with =*
bh 0.6, 2.0, 2.5,

4.0 respectively. The corresponding interruption times for
each layer are also shown in these figures.  In the
simulations, an identical initial random surface is used.  As
a result, the first-layer island arrangements are identical
among these cases. It is found that the arrangement of top
islands is strongly dependent on the top layer strain energy
distribution, which is strongly influenced by the
arrangement of the buried islands. For the case where

=*
bh 0.6, it can be seen that fully vertically aligned islands

can be achieved for a thin spacer layer. In this case, the
local minima of the strain energy density are generally
situated right on top of the buried islands. This explains
why the strong memory can be carried on from the buried
layer to the top layer for a thin spacer layer as shown in

Figure 1. For the case where =*
bh 2.0, the top islands are

partially vertically aligned with buried islands.  Meanwhile,
the top islands become increasingly less uniform and
regular.  The underlying reason is that for large islands, the
memory effect is strong; whereas it is weak for the small
islands. As a consequence, during the growth of the
superlattice, the large islands become larger, while the
small islands become smaller. The final result is that the
islands in the superlattice become less uniform and regular

as shown in Figure 2. For the case where =*
bh 2.5,

between two adjacent island layers, the top islands and the
buried islands are vertically misaligned.  During the first
two or three layer growth, since the positions right on top of
large islands are no longer the strain energy minima, the top
islands appear either at the empty positions among the
buried islands, or appear at the positions between two
buried islands.  After this self-organization, the strain
energy minima are all situated at the empty positions
among the buried islands.  Consequently the top layer

develops a squared island array with remarkable uniformity
and regularity as shown in Figure 3. Along the vertical
direction, the island arrays are arranged in an alternating
stacking sequence, namely, the A-B-A-B stacking
sequence.  When the spacer layer thickness is further
increased, due to the attenuation of the stress field of the
buried islands, the memory effect is reduced and the initial
surface roughness plays an important role in the
arrangement of the top island formation. Therefore, the
uniformity and regularity are weakened as shown in Figure

4 for  =*
bh 4.0.

Figure 1: Self-organization of quantum dots in superlattices

for  6.0* =bh , a fully aligned  arrangement
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Figure 2: Self-organization of quantum dots in superlattices

for  0.2* =bh , a diverged  arrangement

Figure 3: Self-organization of quantum dots in

superlattices for  5.2* =bh , a ideal  arrangement
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Figure 4: Self-organization of quantum dots in superlattices

for  0.4* =bh , the island arrangement influenced by

surface roughness

Experimental results have shown that depending on the
growth conditions, the top islands may be vertically aligned
[1,4,5,8], increasingly uniform and regular [2,3,6], or
misaligned [9]. All of the aforementioned phenomena have
been reproduced in the present simulations. Of particular
interest are the similarities between the present simulation
results and the experimental results [2]. In the experiment,

after a number of growth periods, a nearly perfect
hexagonal island arrays with the FCC-like stacking
sequence, i.e. the A-B-C-A-B-C stacking sequence, was
achieved. The FCC stacking sequence is due to the fact that
the substrate surface in the experiment is the (111) surface.
Our simulations show that the squared lattice with the
ABAB stacking scheme is favorable for an isotropic
material system. Since the squared lattice with the ABAB
stacking scheme satisfies the symmetry of the (100)
surface, the quantum dot superlattices grown on the (100)
surface may also adopt the ABAB stacking scheme.

4 CONCLUSIONS

A finite element method is used to investigate vertical
alignment of quantum dot superlattices. The calculation
results show that the spacer layer thickness is crucial to the
subsequent island alignment. The spacer layer thickness is
also crucial for achieving increasingly uniform and regular
top islands. Our simulations predict that the alternatively
stacking scheme may be more efficient to obtain uniform
and regular top islands than the sequentially stacking
scheme.
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