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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
guantum 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 haveng to progressively increasing island sizes and spatial order-
emerged as a major challenge of nanoscience. They represeng). In contrast to the routine applied here, those results were
artificial atoms with unique controllable optoelectronic prop-obtained from strain calculations treating the buried islands
erties providing the basis for a novel generation of semiconas pointlike strain sources and from a nucleation model that
ductor devices.For applications, it is desirable to have ar- places islands at strain energy minima but does not include
rays of quantum dots with high density, narrow sizediffusion processes.
distributions, and good spatial ordering. It has recently been We use the following approach. We start with a KMC
demonstrated that regular three-dimensional superlattices éfmulation of the first layer of quantum dots, incorporating
quantum dots with tunable lattice constants can be grown bthe elastic strain induced by the islands in a self-consistent
using strain-mediated self-organization effects in theway!” After the end of deposition, the ensemble is allowed
Stranski-Krastanov growth modeStacks of islands orga- to equilibrate for a certain time by strain-mediated diffusion
nized in ordered patterns with both lateral and vertical corbefore the islands are buried beneath a buffer layer of a cer-
relations have been realized in different lattice-mismatchedain thickness. The process of capping the islands with sub-
heteroepitaxial material systerfis:! There is evidence that strate material freezes the strain field and all diffusion pro-
stacks do not only increase the overall quantum dot densitzesses are stopped. Hereafter the surface is again assumed to
but can also improve the size distribution and the spatiabe flat but now the buried islands generate a nonhomoge-
ordering. It is, however, difficult to control the growth since neous strain field extending into the substrate surface. The
an intricate interplay of kinetic and thermodynamic effectsactual strength of the strain is calculated self-consistently
comes into play, which may lead to crossover behavior agrom elasticity theory with the buried islands as the sources
recently demonstrated by kinetic Monte Carlo simulatitins. of strain. Then another deposition process is started and a
It has been shown that a thermodynamic equilibrium theorynew layer of quantum dots is modeled by KMC, now sub-
including the elastic strain can explain the alternating occurjected to two sources of strain, i.e., the buried islands and the
rence of vertical correlations and anticorrelations in multi-islands in the surface layer.
sheet arrays of two-dimensional islands as a function of Of course, the strain at the surface of a stack of quantum
spacer thickness, but the effect of kinetics in these stacks is dots is not only determined by the topmost buried layer but
not well understood. all the buried layers beneath contribute to the surface strain,

On the other hand, there is evidehcthat ordered quan- albeit with decreasing relevance. In the following simula-
tum dot stacks can be grown in the kinetically controlledtions, the strain induced by the respective top five layers is
regime without time consuming equilibration processes. Spataken into account.
tial ordering is obtained by depositing a large number of Our event-based KMC simulatiof’s® use a solid-on-
quantum dot layers on top of each other with thin buffersolid model with deposition and diffusion as the relevant
layers of substrate material in between. For those quanturprocesses. Diffusion of adatoms occurs on a square lattice by
dot stacks spatial ordering is increasing in parallel with thenearest-neighbor hopping. Atoms can cross island edges by
number of deposited layers. Here, the spatial correlatiosurmounting a Schwael barrierEg,=0.1 eV. The relevant
emerges in a system with no or only short periods of equili-energies in our simulations are the binding energy to the
bration. Not only the spatial arrangement is enhanced, busurfaceEs=1.3 eV and the strength of the<4 nearest-
also the uniformity of size, shape, and spacing of the dotsieighbor bond€,=0.3 eV that influence the time scale for
can be improved!4-18 diffusion and island formation, respectively. We use values

The strain field at the surface generated by the buriedf the energy parameters that are typical for a variety of
layers of quantum dots is responsible for the spatial orderingemiconducting materials and have been used in other KMC
effect’® In the following, we present kinetic Monte Carlo simulations?* Systematic investigations of the effects of
(KMC) simulations incorporating self-consistently this strainvariation of these energies have been repaftetf In order
field to model the growth of self-organized quantum dotto keep the number of free parameters at a minimum, we use
stacks. Our simulation scheme goes well beyond othea simple single-species KMC model with effective energies
simulationst* where vertical alignment was observed lead-E,, Ey. It should be noted that these energies scale with the
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growth temperature, since only the quotient of energy barriemost buried layer are determined. Then, for each surface
and temperature appears in the transition rates. It is an adsland the lateral distance to the position vertically above the
vantage of our general results that they can be applied to mearest island in the buried layéf,, is calculated. Its aver-

variety of material systems by simultaneously rescaling thgge g “is normalized by the maximum average distance

diffusion barriers and growth temperatures. %ossible for islands on a square lattide;/ 2, whered,, is

Existing islands generate an elastic strain field caused b e average distance between islands in the surface laver
the lattice mismatch. This strain field facilitates detachmen ge | S . yer.
hus the pairing probability is defined as

from island boundaries and the motion of adatoms in the
vicinity of islands through a position-dependent energy cor-

rection termEg,(X,y), which decreases the binding energy. Ppi=1—v2d;/dyn. 4
The hopping rate for a single atom is then given by an
Arrhenius law p=vexi ~(Estn B, ~Eq)/KT] with the at- Perfect correlation or anticorrelation correponds Rg
tempt frequency ' »=10"s™*, temperaturd, and Boltz-  ~1 orp =0, respectively, while uncorrelated growth is as-
mann’s constank. The three-dimensional strain field sociated withP,=0.5.
104 P The key ingredient for vertical correlation of quantum dot
€i(r)= _<ﬁ o] (1) layers s the strain field at the surface of the stack produced
J 2\9x; X by the buried islands. The nonhomogeneous strain increases

is treated in the framework of the continuum theory of elastic€ Probability of island nucleation at certain positions. To

media using the static Green’s teng®f (r,r') to calculate allow for nucleation to take plqce at the_s_e distinguished
the elastic displacements(r): ! places, the flux to the surface during deposition should not be

chosen too high so that nucleation is driven rather by aggre-
gation of adatoms at energetically favored places than by
ui(r)=— % d?r’ G;;(r,r')Pi(r") (2)  accidental nucleation processes due to a high overall mono-
S mer density. After deposition the island configuration is
The line forcesP;(r) appear at the island edges and act agliven 20 s of time to equilibrate before overgrowing the
the sources of the strain. Therefore, the integration is carriet$land layer and thus freezing the three-dimensional strain
out along all island boundariéd The strain energy is then field.
calculated from the displacements in isotropic  T0 show the increase in spatial ordering with the increase
approximatiort? of deposited layers, a stack of islands consisting of 150
single layers was simulated. After each deposited layer of
N 2 5 islands having a coverage of 35% each, the pairing probabil-
Estr:E( EI €ii +f“; €ij 3) ity P, was calculated. The spacer thickness was chosen to be
15 ML. The resulting dependence Bf, on the number of
with elastic constants =0.32x 10'2 erg/cn? and u=0.54  deposited layers is shown in Figial For the first few layers
X 10'? erg/cn? corresponding to GaAs. The strain field is the pairing probability is close to 0.5 indicating uncorrelated
vital in inducing cooperative growth with a well-defined av- growth. From the fifth layer on the pairing probability clearly
erage island size rather than Ostwald riperfihgut the re-  tends towards larger values, which is a sign of correlated
sults do not depend sensitively upon the precise values of thigland growth. After the deposition of 20 layers, the pairing
parameters. and u, since the strain field decays fast with probability reaches a saturation value of 0.8. For all further
increasing distance from the island boundaries. simulations a stack of 20 layers has been assumed.

Note that in our KMC simulations the wetting layer is not  For the above simulation with a buffer layer thickness of
explicitly taken into account. Therefore, the effective buffer15 ML as well as for two equivalent simulations with 5 and
layer thickness used in the simulations includes the wettin@0 ML spacer thickness, respectively, we find that with in-
layer. Transfer of material from the wetting layer to the dotscreasing number of deposited layers the island size distribu-
which might occur for very thin buffer layers is disregarded.tion shifts towards larger island sizes. This effect is most
Also, only the fundaments of the quantum datsonolayer pronounced for thin buffer layers. The shift in the average
islandg in each stack layer are modeled by KMC, and struc-island size can be understood as the approach towards ther-
tural changes in the shape and size of quantum dots duringodynamic equilibriunt? The additional strain from the
the overgrowth process are not considered. It is, howevehuried layers enhances the mobility of the diffusing adatoms
assumed that the main contribution to the surface strain fieldvith increasing stack height, which is equivalent to an in-
does not originate from morphological details but is given bycrease in temperature. A higher growth temperature, on the
the position and lateral size of the dots. Indeed, vertical corether hand, means a faster evolution towards equilibrium.
relation effects in stacks of two-dimensional submonolayeAdditionally, the inhomogeneous strain field creates pre-
islands have also been observed experimertally. ferred nucleation sites for islanding at places of reduced

As a measure for vertical correlation or anticorrelation instrain. This effect induces a spatial correlation between the
stacked quantum dot layers we calculate the pairing probgrowing layer and the buried layers again promoting equili-
ability P,, which indicates the ratio of islands that have bration of the islands. The average island size is, however, in
grown directly above another island. To this end the centerall cases still distinctly below the equilibrium sigrmula
of mass of the surface islands and of the islands of the top:3) in Ref. 12. The effect of strain is reduced for thick buffer
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FIG. 1. Pairing probability?,, in dependence af) the number of deposited quantum dot layers for a spacer thickness of 16Mhe
surface coverage (excluding the wetting layérfor a spacer thickness of ten MLg) the spacer thicknegsumber of ML). The error bars
denote the variance of the pairing probabilifly= 700 K, F=0.02 ML/s,c=35%, stack of 20 quantum dot layers(ls) and(c), simulation
time 37.5 s/layer, 250250 grid.

layers, hence the acceleration of the equilibration process is Next, we investigate the dependence of the pairing prob-
less pronounced for thicker spacers. ability on spacer thickneg§ig. 1(c)]. For a spacer thickness
The dependence of the pairing probability on the totalof less than 15 ML the growth is correlated. With increasing
coverage of the island ML has been studied by computindpuffer layer thickness a sharp transition between correlated
the pairing probability after the growth of 20 stacked islandand anticorrelated growth occurs between 25 and 35 ML,
layers with varying coverage and a constant buffer layerielding pronounced anticorrelation at around 40 ML. Sub-
thickness of ten ML. The result is shown in Figbl sequently with increasing buffer thickness correlation effects
For very low coverages below 10% the pairing probability decay, and uncorrelated growth with~0.5 is observed for
indicates anticorrelated growth. As a result of the low coverspacers thicker than some 60—70 ML. Then the strain fields
age, the distance between islands is comparatively large andf the buried islands are too weak to influence the surface
hence, the areas of strain induced by the buried islands dkinetics of diffusing adatoms significantly.
not overlap. Thus, adatoms are driven away from areas atop In the correlated growth regime, the least strained regions,
buried islands and nucleation takes place favorably in bewhere the diffusivity is lowest, and, hence, nucleation of
tween buried islands, where the strain field is lowest. Thidslands is favored, are areas above centers of buried islands.
consequently leads to anticorrelated growth. For a coveraghs a consequence, correlated growth can be observed for
above 10% the growth proceeds uncorrelated. For coveragdisin buffer layers and large islands. In FigaR the evolution
above 25% the growth mode changes to correlated growthof the pairing probability in dependence of the number of
Here, the strain between the islands is strong due to decreagrown island layers is shown. The buffer layer thickness for
ing island separation with increasing coverage. Now thehis simulation was chosen as 5 ML. For the first few layers
nucleation directly above buried islands becomes more fathe growth is uncorrelated and then becomes increasingly
vorable, since here the surface is only weakly strained. Thisorrelated up to the 18th layer, where the pairing probability
can be understood by looking at the strain generated at theaches saturation and remains almost constant at a value of
island boundaries. The strain discontinuity along the boundP,~0.8. In the insets the island distributions of the topmost
ary of large islands induces a constant strain at the islanthree island layers are shown to demonstrate the spatial cor-
center which is usually weaker than the strain in betweemelation in the vertical direction.
islands if the coverage is high enough. The pairing probabil- The interplay of spacer thickness and island size might
ity in Fig. 1(b) has a maximum at a coverage ©of35%. also explain why correlated growth is not instantly observed.
Further increase of the coverage leads to clustering of islandsor the first few island layers the growth is uncorrelated but
and the correlation effect is reduced again. For the followinghe size distribution shifts considerably towards larger is-
simulations, the optimum coverage of 35% has been chosdands finally giving rise to correlated growth as seen in Fig.

in order to obtain a maximum correlation effect. 2(a).
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For large buffer layer thickness the buried islands appeaidirst determine the optimum coverage according to Fig).1
as point sources of strain and the strain field at the surfac&hen the buffer layer thickness should be chosen sufficiently
has a maximum value vertically above the island centerthin according to Fig. (c). Apart from the spacer thickness,
Nucleation of islands at the surface is consequently enhancerrelation depends on the average size of the buried islands
betweenthe islands and anticorrelated growth is observedWhich also increases during the stacking process. Thus, the
Since this growth mode does not depend on the lateral exé€lf-organized increase in average island size assists the
tension of the buried islands as sensitively as the correlate@owth of correlated stacks of islands. For intermediate
growth does, the onset of anticorrelated growth is alreadyPacer thickness anticorrelated growth can be observed,
visible for the first few grown island layers in Fig(d. After  While for very thick spacer layers no correlation at all occurs.
ten deposited island layers the pairing probability reached S IS in good agreement with experimeffts: Our kinetic

saturation at a value o£0.26. The insets show the top three Simulations may also explain the observatfothat vertical
island layers of the stack, clearly exhibiting anticorrelation. correlations can result from variations in strain energy by the

. L2 order of 1 meV, which is a much smaller energy difference
In conclusion, we have shown by kinetic Monte Carlo . . A
. ; . : - than would be required for thermodynamic equilibrium con-
simulations that successive overgrowth of island layers with . o . o
siderations; this stresses the vital role of kinetics. Moreover,

substrate material under the assumption of an extended strain . o )
In systems with low growth temperatures equilibrium might

field leads to an improvement of the self-organized size or- : ; . .

; . : . ractically never be reached since reasonable equilibration

dering and spatial arrangement of the islands. Vertical corre?

. : . . . .~ _times would have to be of the order of weeks or even

lation and anticorrelation effects can be induced in the kineti- onths

cally controlled growth regime by deposition and diffusion '

processes without equilibrating the system for long periods We are grateful to F. Elsholz, R. Kunert, and V. A.

of time. Shchukin for discussion. Support by the Deutsche For-
In order to obtain best results for correlated growth withschungsgemeinschaft in the framework of Sfb 296 is ac-

narrow size distributions for a given material, one shouldknowledged.
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