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We have studied numerically the stability and defect nucleation in epitaxial layers on a substrate
with lattice mismatch. Stress relaxation and energy barriers for misfit dislocation nucleation are
estimated using modern methods for saddle point search based on a combination of activation
with local repulsive potential and the Nudged Elastic Band method. Stress relaxation processes
correspond to different transition paths from coherent to incoherent states of the epitaxial layer.
Using a two-dimensional atomistic model with Lennard-Jones interacting potential, we find different
equilibrium critical thickness and activation energy behavior for dislocation nucleation of epitaxial
films under tensile and compressive strain. For tensile strain, the energy barrier decreases with
thickness while it reaches a constant value for compressive strain.

Standard considerations of the competition between
strain energy build up and strain relief due to disloca-
tion nucleation in mismatched epitaxial films lead to an
equilibrium critical thickness above which dislocations
can appear spontaneously [1]. The predicted critical
value however, both from continuous elastic models [2]
and from models incorporating layer discreteness [3],
is much smaller than the observed experimental value
suggesting that the defect-free (coherent) state above
the equilibrium critical thickness should be metastable.
Physically, nucleation of dislocations in initially defect-
free films must then proceed by an activation process
that overcomes the energy barrier between the coherent
and incoherent states. The nature of the instability of
the coherent state however is still under current investi-
gation [4, 5, 6] but detailed understanding of the corre-
sponding atomistic mechanism should be important, for
example, in the fabrication of semiconducting devices
[1, 2]. The idea of strain relaxation as an activated
process is supported by recent experimental results for
the temperature dependence of the critical thickness
[7] and has also been addressed in a kinetic semiempir-
ical model [8]. With recent developments in computer
simulation methods, it became possible to address this
problem with atomistic simulations using semiempirical
potentials [9, 10], such as Embedded Atom potentials
and Stillinger-Weber potential. Much simpler models,
using Lennard-Jones (LJ) interacting potentials in two

and three dimensions, have also been used as, for exam-
ple, in the molecular dynamics (MD) study of the spon-
taneous relaxation in a system with large film-substrate
mismatch [11, 12, 13]. The importance of kinetic fac-
tors in real experiments has also been emphasized in
MD simulations of the growth process [6]. However,
there are important questions that have not been ad-
dressed satisfactorily, such as: the estimation of the
energy barrier for misfit dislocation nucleation; atom-
istic mechanisms of structural transformation along the
transition path; possible structure of dislocation core
and the difference in kinetics of dislocation nucleation
for compressive and tensile strain. In this work, we
study the mechanism of dislocation nucleation by con-
sidering the relaxation processes as different transition
paths from coherent to incoherent states of the epitax-
ial system and determine the associated energy barrier
using improved methods for saddle point search in mul-
tidimensional space.

We consider a two-dimensional model of the epi-
taxial film and substrate where the atomic layers are
confined to a plane. Interactions between atoms in the
system were modeled by a generalized LJ pair potential
[14
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energy and ro the equilibrium distance between the
atoms. This potential was initially developed for sim-
ulation of metallic systems but it is also convenient for
other systems when the parameters are chosen accord-
ingly. In the calculations, the values of these param-
eters were chosen to mimic the properties of copper.
In this case we set m = 5, n = 8 and used a cut-
off radius for the interatomic potential of 12 A. The
energy scale was set to e = 3401.1K to allow real-
istic estimates for the strength of interatomic bond-
ings. ro was set to different values to represent the
substrate, epitaxial film and the substrate-film inter-
face. For the substrate rg = rss = 2.5487 A and for
the epitaxial film ro = ryy was varied to give a misfit
f = (rys —rss)/rss. For the film-substrate interaction
we set 79 = rys = (ryp + rss)/2. Positive mismatch
corresponds to compressive strain and negative to ten-
sile strain when the film is coherent with the substrate.
Periodic boundary conditions are imposed in the direc-
tion parallel to the film-substrate interface. Most cal-
culations were performed on a substrate consisting of 5
layers where the bottom 2 layers are hold fixed while
the top 3 layers and all layers of the film are free to
move.
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Figure 1. Particle configurations (left) in the initial epitax-
ial state and at different states along the minimum energy
path (right), for tensile (f = —8%) strain. E, — Ep de-
notes the energy change from the initial state and Nimg
successive chain configurations in the Nudged Elastic Band
method [15].

To study the nucleation of defects and critical thick-
ness of this model we use a numerical technique which
allows the determination of the energy profile along a
transition path from the initial coherent state to a re-
laxed state of the epitaxial film. The technique con-
sists of three steps. First, the initial (coherent) state is
prepared by minimizing the total energy of the system
through standard MD cooling [15]. (In this method, the
energy is gradually minimized by setting the velocities
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V' = 0 whenever V' and the force F' on a particle satisfy
the condition V - F < 0). Next, the system is moved
from the initial minimum to another nearest minimum
energy state [16]. This is accomplished through the
introduction of additional local repulsive potential of
the form Uypi(r) = U(r) + Aexp{—a(r —ro)}, where
ro is the coordinates of the initial state at the mini-
mum. [16, 17]. The system is randomly displaced from
the initial state in the presence of this repulsive poten-
tial to escape from the harmonic basin and arrive at
the new minimum configuration again via MD cooling.
Finally, with the knowledge of both the initial and fi-
nal states, the minimum energy path connecting them
is determined with the Nudged Elastic Band method
[15]. The minimum energy path contains information
for the atomic configuration at a saddle point as well as
the energy barrier to escape from the initial epitaxial
state. A typical result for the case of tensile strain is
shown in Fig.1.

For epitaxial films above the equilibrium critical
thickness, the relaxed state is expected to have a lower
energy and a nonzero density of misfit dislocations
which partially relieves the strain energy in the film.
However, if this configuration is separated from the co-
herent state by a finite energy barrier the film remains
coherent unless defects are nucleated allowing the sys-
tem to overcome this energy barrier. This barrier could
be finite even when the relaxed state with dislocations
has an energy already lower than the epitaxial state.
Thus the critical thickness can be much larger than the
equilibrium value depending on the kinetics of defect
nucleation. Preliminary results for a misfit |f| = 8%
showed a large variety of relaxation processes includ-
ing, single dislocation nucleation, multiple dislocations,
dislocations with different core structures, dislocations
nucleating on different depth in the film, which can be
characterized by their different activation energies and
energies of the final incoherent states. To address the
problem of critical thickness we had to restrict our con-
siderations to a small group of relaxation processes, in
particular to single dislocation nucleation, with the low-
est final state energy. We have performed a systematic
comparison of the parameters for single dislocation nu-
cleation processes in systems with different film thick-
ness. We find that there is a sharp difference in the be-
havior of the activation barrier as function of the film
thickness (number of layers) for films under compres-
sive and tensile strain as shown in Fig. 2. In the case of
compressive strain, the activation barrier increases and
then saturates to some constant value whereas it decays
rapidly for increasing number of layers for the tensile
strain. In addition, the energy change E; — E; from the
coherent (F1) to the incoherent state (Es) also shows
different behavior. The film thickness where this en-
ergy vanishes defines the equilibrium critical thickness
which results smaller for compressive strain in agree-
ment with other calculations for a similar model [6].
By slightly heating the system and performing direct
MD simulation, we have also confirmed that for tensile
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strain dislocation nucleation can in fact be activated
even at the lowest temperature. Spontaneous nucle-
ation of dislocation occurs after a short time heating
(100 time steps) up to 70 K (a negligible value of the
activation energy). The difference in behavior of the
energy barrier for tensile and compressive strain can be
explained as resulting from the difference in the stiff-
ness of the repulsive and attractive parts of interatomic
Lennard-Jones potential. For compressive strain, dis-
placement of the particles near the free surface cost
higher energy since the interatomic potential increases
sharply for separations r < r, whereas it decays slowly
forr > r,.
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Figure 2. Relaxation energy Fo — E; (left) and energy bar-
rier E, — E1 (right) as a function of number of layers for
an epitaxial film under compressive (f = 8%) and tensile
(f = —8%) strain.

The present method can also be extended to three-
dimensional models with more realistic interaction po-
tentials. Preliminary calculations for the Pd/Cu and
Cu/Pd systems with the Embedded Atom Model po-
tentials [18] demonstrate effectiveness of the method
for systematic studies in this case as well and confirms
the asymmetry of the nucleation energy with respect to
the misfit as found for the simpler Lennard-Jones type
potential. However, the details of the dislocation nucle-
ation mechanism and the dependence of the barrier on
the thickness in three-dimensional systems are rather
different from the two-dimensional model studied here.

In summary, we have shown that by combining
the Nudged Elastic Band [15] and Spherical Repulsion
methods [16] it is possible to investigate in a system-
atic way the transition paths for misfit dislocation nu-
cleation in epitaxial films. A large variety of processes
are observed (edge dislocations, dislocations with inter-
mixing on the film-substrate interface, dislocations with
vacancy in a core and multiply nucleation). Dislocation
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nucleation is affected by the stiffness of interatomic po-
tential and size of system. In the case of LJ potential,
the process is sensitive to small potential cut-off radius.
A nonzero activation barrier for dislocation nucleation,
as found in the present model, may explain the large
critical thickness and the temperature dependence of-
ten observed in experiments.
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