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Abstract

We investigate the formation of misfit dislocations in strained heteroepitaxial crystal
growth and their influence on the structure of the growing layers. We use Kinetic Monte
Carlo simulations for an off-lattice model in 1+1 dimensions with Lennard-Jones inter-
actions. Two different types of the formation of dislocations are found,depending on
the sign and the magnitude of the misfit. Misfit dislocations affect the lateral and the
vertical lattice spacing in heteroepitaxial growth. In addition, we observe acorrelation
between the lateral position of buried dislocations and grown mounds, depending on
the sign of the misfit.

1 Introduction

Due to its high technological relevance, epitaxial growth of semiconductor interfaces has
become a field of intensive study in the past years. From a theoretical point of view, epi-
taxial growth is an example of cooperative behavior far fromthermal equilibrium which is
still an active field of research. Epitaxial layers of atoms and molecules can be realized by
molecular beam epitaxy which allows to design high quality semiconductor structures on
an atomic scale. In the case of heteroepitaxy, substrate andadsorbate consist of different
materials and may differ in their lattice constants. This leads to interesting structures of
the growing atomic layers. The first few adsorbate layers cangrow pseudomorphically, i.e.
coherently with the crystal structure of the substrate. Butdue to strain the elastic energy of
the system rises with increasing adsorbate film thickness. At a critical layer thickness the
strain is released by forming misfit dislocations.

In this work the detailed mechanisms of the formation of dislocations are investigated
with means of Kinetic Monte Carlo Simulations [1, 2, 3]. It isobvious that dislocations
cannot be modelled properly with predefined lattice structures, hence we use an off-lattice
model. Since we are interested in the general phenomenon of epitaxial growth competing
with strain and dislocations, we use Lennard-Jones interactions. As a starting point, we in-
vestigate (1+1)-dimensional models with classical pair-interactions and lateral extensions
of a few hundred lattice spacings. Even in this fairly limited framework we observe com-
plex phenomena which can be compared with experiments and yield qualitative insights
into heteroepitaxial growth. Following previous studies [3, 4, 5, 6], we choose a pair po-
tential to model the interactions between substrate and adsorbate particles and we apply
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an off-lattice algorithm to the simulation of the growth of heteroepitaxial layers in 1+1
dimensions.

We have investigated the formation of dislocations as well as their influence on the
vertical and the lateral lattice spacings. In addition, we found that buried dislocations have
a pronounced influence on the surface structure of the subsequent growth.
Our model does not aim at describing a concrete material system, we rather address general
aspects and qualitative features of heteroepitaxial growth. The essential mechanisms then
can be realized with a small set of parameters and give insight to strain related processes.
Nevertheless it is possible to extend the model and include more specific details. The
method used for simulations of heteroepitaxial growth in 1+1 dimensions was introduced
in [1, 2, 3].

2 Model and method

In order to simulate heteroepitaxial growth, we use an off-lattice model where the particles
have continuous coordinates in space, as introduced and discussed in [1, 2, 7]. Since we are
interested in general features of heteroepitaxial growth we model the interactions between
the particles by a Lennard-Jones potential of the form

Uij(U0, σ) = 4 U0

[
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rij

)12

−
(

σ

rij

)6
]

. (1)

The attractive contribution in the potential competes withthe strong repulsive part domi-
nating at small distances. While the exponent 6 of the attractive part is motivated by van der
Waals dispersion forces, originated by dipole-dipole interactions in turn due to fluctuating
dipoles, the exponent 12 is chosen exclusively for practical reasons as it allows to calculate
the potential energy very efficiently. The parametersU0 andσ specify the different material
properties in the model. The interaction of two substrate particles is given byUij(Us, σs)
and accordingly for two adsorbate particles byUij(Ua, σa). To keep the number of param-
eters small, we follow a standard approach and set the interaction between substrate and
adsorbate particles toUij

(√
UaUs, (σs + σa) /2

)

.
In the following simulations we setUs = Uas = Ua which allows to isolate the in-

fluence of the misfit from energetic effects. To set the energyscale, the potential depth in
the simulation isU0 = 1.3125 eV which leads to a diffusion barrier of about0.90 eV for
an isolated adsorbate particle on a plane substrate surface. Since the interaction strength
decreases fast with the particle distance, a cut-off distancercut with Uij = 0 for rij > rcut

is assumed. The cut-off is chosen to bercut = 3 r0, because in this case the value of the
potential is already less than one percent of the equilibrium distancer0 = 2

1

6 σ of two iso-
lated adatoms. This cut-off is necessary since the computertime required for calculating
the energy increases with the number of involved particles.

The lattice spacing is proportional toσ and therefore the relative lattice mismatch can
be described by the relation

ε =
σa − σs

σs

. (2)

In our simulation adsorbate particles are deposited randomly on a one-dimensional sub-
strate surface with a constant and homogeneous particle fluxF . The relevant parameter is
the deposition rateRd = L F . We include a mechanism where the kinetic energy enables
deposited particles arriving at the surface to slide down tothe lowest position locally avail-
able. This so called ”downhill funneling” and similar incorporation mechanisms which
smoothen the surface morphology are discussed in [8]. We assume periodic boundary con-
ditions in lateral direction and fix particle positions of the three bottom substrate layers to
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Figure 1: Potential energy surface of an adatom. See text forfurther information.

stabilize the crystal. We only consider jumps of particles to the next left or right neigh-
boring minimum in the potential energy surface. The rateRi for the thermally activated
diffusion process is given by an Arrhenius law:

Ri = ν0 e
−

Ea,i

kB T . (3)

HereT is the simulation temperature,kB the Boltzmann constant andν0 the attempt fre-
quency. For simplification, for all processes the attempt frequency is set to the constant
valueν0 = 1012s−1. The activation energyEa,i for the diffusion stepi is given by the
difference between the system energy at the bindings stateEb,i and the transition stateEt,i

as displayed in Figure 1. The total potential energy of a system consisting ofn particles is

Etot =

n
∑

i=1

n
∑

j=i+1

Uij . (4)

To calculate the activation energies precisely, it is indispensable to determine the transition
energy by considering the relaxation of the neighboring particles. An approved and robust
method is the so called ”Activation Relaxation Technique”,introduced in [9]. The dynam-
ics then is realized by choosing one eventj with the rateRj according to its probability
pj = Rj/ (Rd + ΣiRi). This combination of KMC simulations with Molecular Static
evaluation of barriers was introduced by D. Wolf and collaborators [10] in the context of
strain induced dislocations. The potential energy surfaceshown in Figure 1 is calculated
by moving the black adatom virtually in the x-direction. Thetotal energy is minimized by
variation the z coordinate of this adatom and the coordinates of all other particles.

As an important simplification we apply the so-called frozencrystal approximation
when evaluating transition state energies. Thereby, the position of all particles except for
the diffusing adatom are considered constant in the Molecular Static procedure. Clearly
this restricts the accuracy of the method. However, we find that barriers calculated within
the frozen crystal approximation differ typically less than 10% from the correct ones in our
model.

Due to the high binding energies, the desorption rates are very small compared to the
rates of deposition and diffusion. Therefore desorption isdisregarded in the simulation, as
well as exchange diffusion and multiple jumps.

After a microscopic event performed within the frozen crystal approximation, the con-
figuration of the crystal does not correspond precisely to a local minimum of the total
energy. In order to compensate for this effect and incorporate the deformation of the crys-
tal correctly, the energy (4) is minimized after each event by means of a conjugate gradient
method [11]. In order to speed up the simulations, this relaxation is performed only lo-
cally after each event, while global relaxation is applied after a larger number of simulation
steps. In the former, the minimization is only with respect to particle positions closer to the
diffusing or deposited adatom than the cut-off distance. Global relaxation affects the entire
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Figure 2: The formation of a dislocation simulated with a positive misfit ε = +3.0%. This
sequence of snapshots shows the evolution of a section of a larger system. The grey level
of a particle indicates the average distance to its nearest neighbors. The lighter a particle is
drawn, the larger is this distance.

system. Note that the relaxation procedures only take the energy of the system to its nearest
local minimum. This is achieved by small changes of the particle positions only, without
changing the crystal topology. Nevertheless, all diffusion barriers have to be recalculated
and the resulting rates have to be updated.

3 Strain relaxation mechanism: misfit dislocation

3.1 Formation of dislocations

In heteroepitaxial growth, the substrate and the adsorbatematerial differ in the lattice con-
stant. For moderate values of the misfit( |ε| ¿ 1) the adsorbate first grows coherently
with the substrate. In this pseudomorphic phase the substrate determines the lateral lattice
constant of the adsorbate. As a consequence the strain energy stored in the growing film
increases. Far away from the substrate, one expects that thesubstrate has no significant
influence on the adsorbate and the adsorbate can grow with itsown lattice constant. As a
result, the strain of the system can be released by the formation of a misfit dislocation at a
critical adsorbate thickness, as it was observed in [1]. Thethickness of a dislocation free
adsorbate film mainly depends on the misfit of the adsorbate material, as well as on the po-
tential depth of the substrate adsorbate interaction potential. In the following simulations
the temperature is set toT = 450K and the flux toF = 1MLs−1.

For positive misfit less thanε ≈ +3% the adsorbate initially grows coherently with
the substrate. The appearance of a dislocation does not onlydepend on the misfit between
adsorbate and substrate and on details of the surface morphology, but also on the deposition
rate and the substrate temperature. Details will be reported elsewhere. We conclude that
dislocation formation is a kinetic process which cannot be understood by purely energetic
arguments.

The mechanism of an evolving dislocation is shown in Figure 2. Due to the Ehrlich-
Schwoebel effect the diffusing particles on top of islands tend to form mounds instead of
growing layer by layer [12, 13]. At the critical adsorbate height the lateral distance between
two neighboring mounds is not large enough to allow an additional particle between the
mounds, as shown in the case(2). Hence the particle between the two mounds is dislocated
from the supposed lattice position(2). This position is the seed of a dislocation which is
overgrown by further adsorbate material, by both deposition and diffusion. The grey level
of the particles just indicates the average distance of a particle to its neighbors. The lighter
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Figure 3: The formation of a dislocation simulated with a negative misfitε = −11.0%.
This sequence of snapshots shows the evolution of a section of a larger system. The grey
level of a particle indicates the average distance to its nearest neighbors. The lighter a
particle is drawn, the larger is this distance.

a particle is drawn, the larger is the average distance to itsneighbors. As the exact particle
distances may change when distorting the surface, also the grey value of a given particle
changes during the simulation.

Above the critical adsorbate thickness several dislocations are formed in a range of just
few monolayers in the whole system. Note that the formation of a dislocation is favored by
the presence of mounds.

For higher values of positive misfit no pseudomorphic growthis observed and the dislo-
cations are formed directly on the substrate very similar tothe formation mechanism shown
in Figure 2. The number of dislocations increases with the misfit and the mean distance be-
tween dislocations is close to1/ε which reflects the relative periodicity of the substrate and
adsorbate lattice [13].

In the case of negative misfit a dislocation is formed by two different mechanisms. For
high values of negative misfit, like|ε| & 8% the dislocations are formed directly on the
substrate in analogy to the case of high positive misfit. Thisbehavior is shown in Figure 3.
Again, two neighboring mounds of adsorbate are seed for a newemerging dislocation. On
panel(1) one can see a resulting gap between the two bottom edge particles of the adjacent
mounds. This gap enables the diffusing particle on the slopeof the right mound to move
in between, as displayed in panel(2). The following panels document the overgrowing of
this dislocation by further adsorbate material.

For lower values of negative misfit, like|ε| . 6% the adsorbate first grows coherently
with the substrate until a dislocation appears to release the strain. But here, the mechanism
of the formation is different, as it can be seen in Figure 4. Incontrast to the case of positive
misfit the mean adsorbate particle distance is increased in the pseudomorphic growth com-
pared to its own lattice constant. Therefore, the adsorbateparticles can react more flexibly
on changes in the surface topology without reaching the strong repulsive range of the in-
teraction potential. Initially, the mean distance of the particle directly below two vicinal
mounds is increased, indicated by its lighter color in the first image of Figure 4. In the
second image a gliding dislocation, extended about four to five monolayers, emerges. Note
that this is a quite instable configuration of the system. Just due to further rearrangements
of the surface, particles in deeper layers of the system are affected by this gliding dislo-
cation and the system finally ends up with a dislocation direct on the substrate adsorbate
interface. This stable configuration is shown in Figure 4, panel (3). The lateral position of
such a dislocation is determined by the kinetic processes onthe surface and does not show
any periodicity, in contrast to the case of positive misfit.

While dislocations are built by the latter mechanism in the case of small values of neg-
ative misfit(|ε| < 6%) , large values of negative misfit(|ε| > 8%) lead to the dislocation
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Figure 4: The formation of a dislocation simulated with a negative misfitε = −5.0%. This
sequence of snapshots shows the evolution of a section of a larger system.
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Figure 5: Illustration of the distance∆
between a particle and the underlying
compressed layer. The lateral distance
is the equilibriumr0 distance of the sub-
strate.
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Figure 6: Development of the vertical lat-
tice spacing with shift toa⊥ = ∆+ for pos-
itive misfit ε = +3.0% and toa⊥ = ∆− for
negative misfitε = −3.0%. The substrate
consists of the first ten layers of the system.

formation right at the substrate adsorbate interface as discussed above. For values in be-
tween one can observe both mechanisms at different sectionsof the system. Consequently,
the type of the dislocation depends on the surface kinetics.

3.2 Behavior of the lattice spacings

In pseudomorphic growth the adsorbate grows coherently with the lateral lattice spacing of
the substrate. Due to this compression of the adsorbate film in lateral direction, the vertical
lattice spacing is shifted to higher values in order to reachthe equilibrium distance given
by its potential. Figure 5 illustrates the expected distance∆ between two adsorbate layers.
While the lateral distancer0 is the lattice constant of the substrate, the preferred distance
of two particles of different layers isr0 (1 + ε). This leads to a vertical lattice spacing

∆ = r0

√

ε2 + 2ε +
3

4
. (5)

This calculated shift can be observed in our simulation as well. To this end, some layers
of adsorbate material are grown pseudomorphically on a system consisting of ten substrate
monolayers. The system size was setL = 100 which is sufficient for this comparison.
Figure 6 compares the value calculated according to Equation (5) with a single simulation
for negative and positive misfit. Herea⊥ describes the vertical lattice spacing between two
subsequent layers in units of the equilibrium distancer0 of the substrate.

In the simulation the vertical lattice spacing is calculated by taking the mean vertical
distance of each particle to its closest neighbors in the next layer at the given thickness.
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Figure 7: Development of the lateral lattice spacinga‖ and the vertical lattice spacinga⊥

as a function of the adsorbate film thicknessh for positive misfitε = +2.5% and a system
sizeL = 400. The data results from a single simulation.

In this case only particles of one single layer close to the surface are taken into account.
Accordingly, the lateral lattice spacing is the mean distance of each particle of this layer to
its next neighbors in the same layer. As expected, here the curves for positive and negative
misfit essentially coincide. Only the top layer of the ten substrate layers is shifted as a
consequence of the interaction with the adsorbate. The adsorbate then grows coherently
with the vertical lattice spacinga⊥ = ∆+ in the case of positive anda⊥ = ∆− in the case
of negative misfit.

At the critical thickness the system starts to release the strain by introducing misfit
dislocations. For positive misfit the number of particles inone monolayer is reduced and the
mean lateral distance increased. Therefore the shift of thelateral lattice spacing is reduced
and the adsorbate approaches its relaxed undisturbed bulk structure. Figure 7 displays
the development of the vertical and the lateral lattice spacings for a single system of the
sizeL = 400. The determination of the lattice spacing was always done during the growth
simulation with downhill funneling and the displayed values show the lattice spacings close
to the surface as a function of the adsorbate height. The value of each single shift which is
caused by one dislocation depends on the system size as it is averaged over all particles in
one layer.

The increased value of the vertical lattice spacinga⊥ right before the sudden descent
can be explained by the particles forming the dislocation. Here, two adsorbate particles of
two successive layers have the same lateral position which results in an additional shift to
a local vertical distancẽ∆ = r0 (1 + ε) > ∆. The concurrent appearance of several dislo-
cations at the critical adsorbate film thickness can be seen in the curves as close successive
jumps. A section of this simulated surface is shown in Figure8.

In experimental studies it has become possible to measure the vertical lattice spacings
averaged over whole adsorbate film during MBE growth [14] forsystems with positive
misfit. In the simulation the average vertical lattice spacing a⊥ is obtained by calculating
the mean vertical distance of all adsorbate particles to their closest neighbors of the next
layer, in contrast to the vertical lattice spacinga⊥, where only particles of one single layer
are considered. Figure 9 displays this average vertical lattice spacinga⊥ for the same single
simulation discussed above. A qualitative comparison of the development ofa⊥ measured
in experiment and obtained in the simulations is displayed in Figure 10 which demonstrates
the qualitative agreement of our results with experimentalfindings. In the pseudomorphic
growtha⊥ keeps constant, which can be identified as the plateau in the beginning of the
growth. An occurring dislocation does not affect the mean particle distances of the already
grown adsorbate film in a significant way. Sincea⊥ is averaged over the whole film it
decreases slowly towards the undisturbed bulk value. As discussed in the previous section,
for small negative misfits, dislocations formed at the surface glide down immediately to the
substrate adsorbate interface. Therefore the whole adsorbate film is affected and a sudden
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Figure 8: Section of the same system as in
Figure 7 showing three dislocations. The
first eight bottom layers represent the sub-
strate.
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Figure 9: Development of the average ver-
tical lattice spacinga⊥ as a function of the
adsorbate film thicknessh. The data results
from the same single simulation shown in
Figures 7 and 8.
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Figure 10: Development of the average vertical lattice spacing a⊥ as a function of the
adsorbate film thickness. The left curve results from KMC simulation with a misfit
ε = +2.0%, averaged over ten independent runs, the right shows experimental data of
a ZnSe/GaAs system(ε ≈ 0.31%) [14].

change ofa⊥ can be expected. This expectation is confirmed by the simulation and shown
in Figure 11. Every jump in the curve refers to such a gliding dislocation.

4 Influence of buried dislocations

After a dislocation is formed more and more adsorbate material is deposited and the dis-
locations are totally overgrown. But these buried dislocations still have influence on the
subsequent growth. To study this influence on a quantitativelevel, we removed all particles
of a grown system down to a certain film height above the dislocations. In the vicinity of
its lateral position the dislocation has mainly a repulsiveinfluence on diffusing adatoms
on the surface: The modulation of the potential energy surface, see Figure 12, is such that
transition state energies for particle hops toward the dislocation increase. Only right above
the dislocation and, in this example situation, at the left and right neighbor sites, the transi-
tion state energy is lowered. Figure 13 shows the diffusion barrier for particle jumps to the
right in the vicinity of the buried dislocation. The closer aparticle approaches the lateral
position of the dislocation, the higher is the necessary activation energy.

The converse effect arises if the particle moves away from the dislocation. As a conse-
quence, the particles tend to move away from the dislocation. Only a small range directly
above the dislocation is attractive for diffusing particles. Note that the modulation of the
diffusion barrier depends on the thickness of the adsorbatefilm above the dislocation. In
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Figure 11: Development of the average vertical lattice spacing a⊥ as a function of the
adsorbate film thickness. The misfit isε = −4.5% and the system size L=400.

Figure 12: Potential energy surface of an
adatom moving along the surface. The
corresponding section of a flattened sys-
tem with misfit ε = +2.5% shows the
detail position of its dislocation.

Figure 13: Diffusion barrier for particle
jumps to the right at the lateral position
x. The corresponding section of a flat-
tened system with misfitε = +2.5%
shows the detail position of its disloca-
tion.

Figure 14 the diffusion barrier for jumps to the right neighboring site is compared for sev-
eral adsorbate film heights. Firstly, we observe that the intensity of the modulation caused
by the dislocation decreases with increasing film thickness. Secondly, the attractive range
direct above the dislocation increases with the film thickness.

In systems with higher misfit normally several dislocationsemerge at the critical height
and therefore a diffusing particle is influenced by every dislocation in its environment. To
analyze the interplay of these dislocations, a system with amisfit of ε = +5% is grown
and flattened at different adsorbate thicknesses. As one cansee in Figure 15, in the case of
positive misfit the initial repulsive character of a single dislocation changes after few layers
of adsorbate. The superposition of the influence of all dislocations lead to a diffusion bias
towards the lateral positions of the dislocations. The figure shows a section of a larger
system with dislocations formed directly on the substrate due to the high value of misfit.

The opposite behavior can be seen for negative misfit, as shown in Figure 16. Few
layers above the substrate the particles preferably diffuse to lateral positions between the
dislocations that are again located directly on the substrate.

For low particle fluxes and low temperatures the modulation of the diffusion barriers
caused by the buried dislocations dominates the lateral position of growing mounds. This
effect can be seen in the simulation if one grows adsorbate material on an initially flattened
surface. Here, the temperature is set toT = 340K and the flux is set toF = 1.0 ×
10−5 MLs−1. Figure 17 displays the resulting surface when growing on a flattened surface
with buried dislocations for the case of negative and positive misfit. While for negative
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Figure 14: Activation energy for diffusion steps to the nextright neighboring site on a
flattened surface in different heights above the dislocation at x = 50. The misfit of the
system isε = +2.5%

Figure 15: Activation energy for diffu-
sion steps to the next right neighboring
site on a flattened surface for different
values of the adsorbate film thickness.
The misfit of the system isε = +5.0%

Figure 16: Activation energy for diffu-
sion steps to the next right neighboring
site on a flattened surface for different
values of the adsorbate film thickness.
The misfit of the system isε = −8.0%

misfit the mounds are formed between the lateral positions ofthe dislocations, for positive
misfit they appear directly above the dislocations.

Apart from statistical fluctuations this correlation between the position of the disloca-
tions and the grown mounds is clearly apparent in our simulations.

5 Summary

Heteroepitaxial growth is investigated by numerical simulations. We use an off-lattice
model with classical pair-interactions that allows for continuous particle positions. Despite
the restriction to (1+1)-dimensional growth, we observe complex phenomena which can be
compared with experiments and give qualitative insights into heteroepitaxial growth. Since
the substrate has a different lattice spacing than the adsorbate material, a growing adsorbate
film will develop strain which can be relaxed by misfit dislocations. We discuss different
mechanisms of the formation of such misfit dislocations. In the initial phase one observes
a pseudomorphic growth up to a critical thickness of the adsorbate film. We show that the
formation of dislocations depends strongly on the sign of the misfit. While for positive
misfit the dislocations keep their vertical positions, in the case of small values of negative
misfit the dislocations formed at the surface glide down to the substrate adsorbate interface.

The dislocations affect the vertical and the lateral lattice spacings of the system. The
average vertical lattice spacing continuously approachesthe undisturbed bulk value when
the misfit is positive. This observation is in qualitative agreement with experimental data.
For negative misfit, however, the average vertical lattice spacing approaches the bulk ad-
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ε = +5.0% ε = −8.0%

Figure 17: Growth on a flattened surface with buried dislocations on a system with 10 ML
substrate and 7 ML adsorbate. The section of a larger system shows the surface with 23
ML of adsorbate.

sorbate value in a discontinuous manner, since dislocations glide down to the substrate
immediately after their formation.

The dislocations also affect the subsequent growth of the film. We observe a clear cor-
relation between the lateral positions of buried dislocations and the positions of mounds
grown on the surface. The correlation depends decisively onthe sign of the misfit. For pos-
itive misfit, mounds are preferentially formed directly above buried dislocations whereas
for negative misfit, mounds grow between the lateral positions of the dislocations.
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