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Kinetically enhanced correlation and anticorrelation effects in self-organized quantum dot stacks
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We present kinetic Monte Carlo simulations explaining the correlation and anticorrelation effects observed
in the self-organized growth of stacks of semiconductor quantum dots. Our simulations clarify the delicate
interplay of kinetics and thermodynamics in strained heteroepitaxial semiconductor systems, and predict a
sharp transition between correlated and anticorrelated growth as a function of the buffer thickness between the
quantum dot layers. The vital role of the kinetically controlled and strain-mediated island size distributions is
pointed out.
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Self-assembled semiconductor quantum dots h
emerged as a major challenge of nanoscience. They repre
artificial atoms with unique controllable optoelectronic pro
erties providing the basis for a novel generation of semic
ductor devices.1 For applications, it is desirable to have a
rays of quantum dots with high density, narrow si
distributions, and good spatial ordering. It has recently b
demonstrated that regular three-dimensional superlattice
quantum dots with tunable lattice constants can be grown
using strain-mediated self-organization effects in
Stranski-Krastanov growth mode.2 Stacks of islands orga
nized in ordered patterns with both lateral and vertical c
relations have been realized in different lattice-mismatc
heteroepitaxial material systems.3–11 There is evidence tha
stacks do not only increase the overall quantum dot den
but can also improve the size distribution and the spa
ordering. It is, however, difficult to control the growth sinc
an intricate interplay of kinetic and thermodynamic effe
comes into play, which may lead to crossover behavior
recently demonstrated by kinetic Monte Carlo simulations12

It has been shown that a thermodynamic equilibrium the
including the elastic strain can explain the alternating occ
rence of vertical correlations and anticorrelations in mu
sheet arrays of two-dimensional islands as a function
spacer thickness,13 but the effect of kinetics in these stacks
not well understood.

On the other hand, there is evidence11 that ordered quan
tum dot stacks can be grown in the kinetically controll
regime without time consuming equilibration processes. S
tial ordering is obtained by depositing a large number
quantum dot layers on top of each other with thin buf
layers of substrate material in between. For those quan
dot stacks spatial ordering is increasing in parallel with
number of deposited layers. Here, the spatial correla
emerges in a system with no or only short periods of equ
bration. Not only the spatial arrangement is enhanced,
also the uniformity of size, shape, and spacing of the d
can be improved.2,14–18

The strain field at the surface generated by the bu
layers of quantum dots is responsible for the spatial orde
effect.19 In the following, we present kinetic Monte Carl
~KMC! simulations incorporating self-consistently this stra
field to model the growth of self-organized quantum d
stacks. Our simulation scheme goes well beyond ot
simulations,14 where vertical alignment was observed lea
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ing to progressively increasing island sizes and spatial or
ing. In contrast to the routine applied here, those results w
obtained from strain calculations treating the buried islan
as pointlike strain sources and from a nucleation model
places islands at strain energy minima but does not incl
diffusion processes.

We use the following approach. We start with a KM
simulation of the first layer of quantum dots, incorporati
the elastic strain induced by the islands in a self-consis
way.12 After the end of deposition, the ensemble is allow
to equilibrate for a certain time by strain-mediated diffusi
before the islands are buried beneath a buffer layer of a
tain thickness. The process of capping the islands with s
strate material freezes the strain field and all diffusion p
cesses are stopped. Hereafter the surface is again assum
be flat but now the buried islands generate a nonhomo
neous strain field extending into the substrate surface.
actual strength of the strain is calculated self-consiste
from elasticity theory with the buried islands as the sour
of strain. Then another deposition process is started an
new layer of quantum dots is modeled by KMC, now su
jected to two sources of strain, i.e., the buried islands and
islands in the surface layer.

Of course, the strain at the surface of a stack of quan
dots is not only determined by the topmost buried layer
all the buried layers beneath contribute to the surface str
albeit with decreasing relevance. In the following simu
tions, the strain induced by the respective top five layer
taken into account.

Our event-based KMC simulations20–23 use a solid-on-
solid model with deposition and diffusion as the releva
processes. Diffusion of adatoms occurs on a square lattic
nearest-neighbor hopping. Atoms can cross island edge
surmounting a Schwo¨bel barrierESW50.1 eV. The relevant
energies in our simulations are the binding energy to
surfaceEs51.3 eV and the strength of then<4 nearest-
neighbor bondsEb50.3 eV that influence the time scale fo
diffusion and island formation, respectively. We use valu
of the energy parameters that are typical for a variety
semiconducting materials and have been used in other K
simulations.24 Systematic investigations of the effects
variation of these energies have been reported.25–28 In order
to keep the number of free parameters at a minimum, we
a simple single-species KMC model with effective energ
Es , Eb . It should be noted that these energies scale with
©2003 The American Physical Society02-1
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growth temperature, since only the quotient of energy bar
and temperature appears in the transition rates. It is an
vantage of our general results that they can be applied
variety of material systems by simultaneously rescaling
diffusion barriers and growth temperatures.

Existing islands generate an elastic strain field caused
the lattice mismatch. This strain field facilitates detachm
from island boundaries and the motion of adatoms in
vicinity of islands through a position-dependent energy c
rection termEstr(x,y), which decreases the binding energ

The hopping rate for a single atom is then given by
Arrhenius law p5nexp@2(Es1n Eb2Estr)/kT# with the at-
tempt frequency29–31n51013 s21, temperatureT, and Boltz-
mann’s constantk. The three-dimensional strain field

e i j ~r!5
1

2 S ]ui

]xj
1

]uj

]xi
D ~1!

is treated in the framework of the continuum theory of elas
media using the static Green’s tensorGi j (r,r8) to calculate
the elastic displacementsui(r):

ui~r!52 R
S
d2r 8Gi j ~r,r8!Pj~r8! ~2!

The line forcesPi(r) appear at the island edges and act
the sources of the strain. Therefore, the integration is car
out along all island boundariesS. The strain energy is then
calculated from the displacements in isotrop
approximation:32

Estr5
l

2 S (
i

e i i D 2

1m(
i j

e i j
2 ~3!

with elastic constantsl50.3231012 erg/cm3 and m50.54
31012 erg/cm3 corresponding to GaAs. The strain field
vital in inducing cooperative growth with a well-defined a
erage island size rather than Ostwald ripening,22 but the re-
sults do not depend sensitively upon the precise values o
parametersl and m, since the strain field decays fast wi
increasing distance from the island boundaries.

Note that in our KMC simulations the wetting layer is n
explicitly taken into account. Therefore, the effective buf
layer thickness used in the simulations includes the wet
layer. Transfer of material from the wetting layer to the do
which might occur for very thin buffer layers is disregarde
Also, only the fundaments of the quantum dots~monolayer
islands! in each stack layer are modeled by KMC, and stru
tural changes in the shape and size of quantum dots du
the overgrowth process are not considered. It is, howe
assumed that the main contribution to the surface strain fi
does not originate from morphological details but is given
the position and lateral size of the dots. Indeed, vertical c
relation effects in stacks of two-dimensional submonola
islands have also been observed experimentally.33

As a measure for vertical correlation or anticorrelation
stacked quantum dot layers we calculate the pairing pr
ability Pp , which indicates the ratio of islands that ha
grown directly above another island. To this end the cen
of mass of the surface islands and of the islands of the
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most buried layer are determined. Then, for each surf
island the lateral distance to the position vertically above
nearest island in the buried layerdnn8 is calculated. Its aver-

age dnn8̄ is normalized by the maximum average distan

possible for islands on a square lattice:dnn̄/A2, wherednn̄ is
the average distance between islands in the surface la
Thus the pairing probability is defined as

Ppª12A2dnn8̄ /dnn̄. ~4!

Perfect correlation or anticorrelation correponds toPp
51 or Pp50, respectively, while uncorrelated growth is a
sociated withPp50.5.

The key ingredient for vertical correlation of quantum d
layers is the strain field at the surface of the stack produ
by the buried islands. The nonhomogeneous strain incre
the probability of island nucleation at certain positions.
allow for nucleation to take place at these distinguish
places, the flux to the surface during deposition should no
chosen too high so that nucleation is driven rather by agg
gation of adatoms at energetically favored places than
accidental nucleation processes due to a high overall mo
mer density. After deposition the island configuration
given 20 s of time to equilibrate before overgrowing t
island layer and thus freezing the three-dimensional st
field.

To show the increase in spatial ordering with the incre
of deposited layers, a stack of islands consisting of 1
single layers was simulated. After each deposited layer
islands having a coverage of 35% each, the pairing proba
ity Pp was calculated. The spacer thickness was chosen t
15 ML. The resulting dependence ofPp on the number of
deposited layers is shown in Fig. 1~a!. For the first few layers
the pairing probability is close to 0.5 indicating uncorrelat
growth. From the fifth layer on the pairing probability clear
tends towards larger values, which is a sign of correla
island growth. After the deposition of 20 layers, the pairi
probability reaches a saturation value of 0.8. For all furth
simulations a stack of 20 layers has been assumed.

For the above simulation with a buffer layer thickness
15 ML as well as for two equivalent simulations with 5 an
30 ML spacer thickness, respectively, we find that with
creasing number of deposited layers the island size distr
tion shifts towards larger island sizes. This effect is m
pronounced for thin buffer layers. The shift in the avera
island size can be understood as the approach towards
modynamic equilibrium.12 The additional strain from the
buried layers enhances the mobility of the diffusing adato
with increasing stack height, which is equivalent to an
crease in temperature. A higher growth temperature, on
other hand, means a faster evolution towards equilibriu
Additionally, the inhomogeneous strain field creates p
ferred nucleation sites for islanding at places of reduc
strain. This effect induces a spatial correlation between
growing layer and the buried layers again promoting equ
bration of the islands. The average island size is, howeve
all cases still distinctly below the equilibrium size@formula
~3! in Ref. 12#. The effect of strain is reduced for thick buffe
2-2



RAPID COMMUNICATIONS

KINETICALLY ENHANCED CORRELATION AND . . . PHYSICAL REVIEW B 67, 121202~R! ~2003!
FIG. 1. Pairing probabilityPp in dependence of~a! the number of deposited quantum dot layers for a spacer thickness of 15 ML,~b! the
surface coveragec ~excluding the wetting layer! for a spacer thickness of ten ML,~c! the spacer thickness~number of ML!. The error bars
denote the variance of the pairing probability (T5700 K, F50.02 ML/s,c535%, stack of 20 quantum dot layers in~b! and~c!, simulation
time 37.5 s/layer, 2503250 grid!.
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layers, hence the acceleration of the equilibration proces
less pronounced for thicker spacers.

The dependence of the pairing probability on the to
coverage of the island ML has been studied by compu
the pairing probability after the growth of 20 stacked isla
layers with varying coverage and a constant buffer la
thickness of ten ML. The result is shown in Fig. 1~b!.

For very low coverages below 10% the pairing probabil
indicates anticorrelated growth. As a result of the low cov
age, the distance between islands is comparatively large
hence, the areas of strain induced by the buried islands
not overlap. Thus, adatoms are driven away from areas
buried islands and nucleation takes place favorably in
tween buried islands, where the strain field is lowest. T
consequently leads to anticorrelated growth. For a cover
above 10% the growth proceeds uncorrelated. For cover
above 25% the growth mode changes to correlated gro
Here, the strain between the islands is strong due to decr
ing island separation with increasing coverage. Now
nucleation directly above buried islands becomes more
vorable, since here the surface is only weakly strained. T
can be understood by looking at the strain generated at
island boundaries. The strain discontinuity along the bou
ary of large islands induces a constant strain at the isl
center which is usually weaker than the strain in betwe
islands if the coverage is high enough. The pairing proba
ity in Fig. 1~b! has a maximum at a coverage ofc535%.
Further increase of the coverage leads to clustering of isla
and the correlation effect is reduced again. For the follow
simulations, the optimum coverage of 35% has been cho
in order to obtain a maximum correlation effect.
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Next, we investigate the dependence of the pairing pr
ability on spacer thickness@Fig. 1~c!#. For a spacer thicknes
of less than 15 ML the growth is correlated. With increasi
buffer layer thickness a sharp transition between correla
and anticorrelated growth occurs between 25 and 35 M
yielding pronounced anticorrelation at around 40 ML. Su
sequently with increasing buffer thickness correlation effe
decay, and uncorrelated growth withPp'0.5 is observed for
spacers thicker than some 60–70 ML. Then the strain fie
of the buried islands are too weak to influence the surf
kinetics of diffusing adatoms significantly.

In the correlated growth regime, the least strained regio
where the diffusivity is lowest, and, hence, nucleation
islands is favored, are areas above centers of buried isla
As a consequence, correlated growth can be observed
thin buffer layers and large islands. In Fig. 2~a!, the evolution
of the pairing probability in dependence of the number
grown island layers is shown. The buffer layer thickness
this simulation was chosen as 5 ML. For the first few laye
the growth is uncorrelated and then becomes increasin
correlated up to the 18th layer, where the pairing probabi
reaches saturation and remains almost constant at a valu
Pp'0.8. In the insets the island distributions of the topm
three island layers are shown to demonstrate the spatial
relation in the vertical direction.

The interplay of spacer thickness and island size mi
also explain why correlated growth is not instantly observ
For the first few island layers the growth is uncorrelated
the size distribution shifts considerably towards larger
lands finally giving rise to correlated growth as seen in F
2~a!.
y-

-

-

FIG. 2. a! Evolution of pairing probability
versus the number of deposited quantum dot la
ers for the case of correlated growth~spacer
thickness 5 ML!. The inset shows the three top
most quantum dot layers. (T5700 K, F
50.01 ML/s, c535%, stack of 20 layers, simu
lation time 37.5 s/layer!. ~b! Same as in~a! for
the case of anticorrelated growth~spacer thick-
ness 40 ML!.
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For large buffer layer thickness the buried islands app
as point sources of strain and the strain field at the sur
has a maximum value vertically above the island cen
Nucleation of islands at the surface is consequently enhan
betweenthe islands and anticorrelated growth is observ
Since this growth mode does not depend on the lateral
tension of the buried islands as sensitively as the correl
growth does, the onset of anticorrelated growth is alre
visible for the first few grown island layers in Fig. 2~b!. After
ten deposited island layers the pairing probability reac
saturation at a value of'0.26. The insets show the top thre
island layers of the stack, clearly exhibiting anticorrelatio

In conclusion, we have shown by kinetic Monte Car
simulations that successive overgrowth of island layers w
substrate material under the assumption of an extended s
field leads to an improvement of the self-organized size
dering and spatial arrangement of the islands. Vertical co
lation and anticorrelation effects can be induced in the kin
cally controlled growth regime by deposition and diffusio
processes without equilibrating the system for long peri
of time.

In order to obtain best results for correlated growth w
narrow size distributions for a given material, one sho
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first determine the optimum coverage according to Fig. 1~b!.
Then the buffer layer thickness should be chosen sufficie
thin according to Fig. 1~c!. Apart from the spacer thickness
correlation depends on the average size of the buried isla
which also increases during the stacking process. Thus,
self-organized increase in average island size assists
growth of correlated stacks of islands. For intermedi
spacer thickness anticorrelated growth can be obser
while for very thick spacer layers no correlation at all occu
This is in good agreement with experiments.10,34 Our kinetic
simulations may also explain the observation11 that vertical
correlations can result from variations in strain energy by
order of 1 meV, which is a much smaller energy differen
than would be required for thermodynamic equilibrium co
siderations; this stresses the vital role of kinetics. Moreov
in systems with low growth temperatures equilibrium mig
practically never be reached since reasonable equilibra
times would have to be of the order of weeks or ev
months.
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