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We study numerically the equilibrium shape, shape transition and dislocation nucleation in strained epitaxial
islands with a two-dimensional atomistic model, using interatomic potentials of Lennard-Jones type. The phase
diagram for the equilibrium island shapes as a function of island size and lattice misfit with the substrate is
obtained by an energy minimization procedure which does not require predefined faceted shapes. We determine
the energy barrier and transition path for transition between different shapes of the islands and for dislocation
nucleation in initially coherent islands using a method introduced recently, based on a systematic search of the
transition paths for activated events.
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I. INTRODUCTION [15] to obtain numerically the minimum energy path for ac-
tivation from a coherent to incoherent state in an atomisti

One of the fundamental issues in the physics of overlayModel of the epitaxial film. In the present work, we extenc
ers in heteroepitaxial growth is the nucleation and stabilitytis @pproach to consider shape transition and dislocation n
of "islands” on the surface [1]. Besides being an impor_cleanon in strained epitaxial islands. In addition, we also de

tant growth mode in heteroepitaxy, island formation is a|sotermine thg equilibrium shape of strai'ned i;lands aIIowing.fo
of particular interest for applications due to the current in-both elastic and plastic strain relaxation W|'§hout a'ssumpt|or
terest in producing semiconductor nanostructures by a sel? Predefined shapes. In our approach, dislocations of arl
organization mechanism during growth. In the so called@"y types are allowed in the final equilibrium configuratior
Stranski-Krastanow growth mode, islands are formed after R7oviding a more realistic description of dislocation nucle.
few monolayers are grown on the substrate. The shape arion- Using small systems, a detailed study of all configt
size of such islands has been a subject of intense experimeflions is possible within feasible computer time which allov
tal and theoretical studies [1—4, 4-11]. Although a significant!S to examine deviations from the continuum elasticity theor
understanding of this problem has already been achieved [1[],16]'
there are still uncertainties as to whether the observed shape
and size of islands corresponds to thermodynamic equilibrium
state of minimum free energy, or whether they are limited Il. ATOMISTIC MODEL
by kinetic effects. In an equilibrium theory, the optimal size
and shape result from a delicate balance of energy lowering We use a two-dimensional model for the adsorbate islar
through strain relaxation and energy cost through extra sund substrate where the atomic layers are confined to a pls
face energy. Earlier works on equilibrium shape of coherenas illustrated in Fig. 1. Interactions between atoms in the sy
islands have used simple predefined faceted shapes in anal{g¢m are described by a generalized Lennard-Jones (LJ) p
ical calculations based on continuum elasticity theory for gootential [12]U (r), modified [13, 14] to ensure that the po-
two-dimensional (2D) model [2, 3]. The resulting equilib- tential and its first derivative vanish at a predetermined cuto
rium shapes of 2D islands can be classified according to thdistancer¢, given by
relative abundance of two types of facets, namely shallow and
steep facets only. However, in addition to assuming prede- U (r) =V(r), r <ro;
fined shapes, in these studies the role of possible dislocations 3( re—r >2 2( re—r )3} fer
- ’ 0
re—1"ro re—"ro

in the islands has not been included. In an earlier approach, U(r)=V(r)
elastic and plastic strain relaxation have been considered in a )
model of vertically coupled Frenkel-Kontorova layers of finite
length [5], where only particle displacements parallel to thewhere
substrate are allowed. However, such model does not provide
a realistic description of dislocation nucleation. m /ro\" n /ro\m

Recently, a new method [13, 14] based on a systematic V() =e {ﬁn (T) T h—m (T) } : @
search of the transition paths for activated events has been
used to study dislocation nucleation in strained epitaxial flmsHere,r is the interatomic distance,the dissociation energy
The method uses the Nudged Elastic Band (NEB) techniquandrg the equilibrium distance between the atoms. irer 6
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andm= 12 U(r) reduces to the standafl- 12 LJ poten- n; —nj;1 = 1 for steep facets ang; — nj.1 = 3 for shallow
tial with a smooth cutoff. For most of the calculations we facets. The only physical restriction we impose is that the ic
have chosen the values= 5 andm = 8. In contrast to the land has a reflection symmetry about a line through the cent
6 — 12 potential, this has a slower falloff. When combined and overhangs are not allowed. Then, for each initial confi
with the variation of the cutoff radiug;, this choice allows uration, molecular dynamics (MD) cooling was run to allow
us to study the effect of the range of the potential [14]. Thethe system to relax and reach a minimum energy configur
equilibrium interatomic distanag was set to valuess= ro, tion. The equilibrium shape for a givévis identified as the
ri andris for the substrate-substrate, adsorbate-adsorbate amelaxed configuration with lowest energy among all the pos
adsorbate-substrate interactions, respectively. The paramsible configurations. In the present case, this leads to cor
ter ris for the adsorbate-substrate interaction was simply seplete relaxation of the interlayer bonds in the islands, whil
as the average of the film and substrate lattice constaats, intralayer bonds remain strained.

ris = (re +rss)/2. The lattice misfitf between the adsorbate A phase diagram for the equilibrium shapes as a functio

and the substrate can thus be defined as of total number of island atomdl and lattice misfitf are
shown in Fig. 2, for a short range potential correspondin
f=(rf—rsg)/rss (3)  to a cutoff radiirc = 3.82 A andr. = 5.3 A. Different phases

B ) ) _are labelled by the total number of layers in the island. |
A positive _mlsmatcrf >0 c_orrespc_mds to compressive strain agreement with previous works [1], there is a transition fron
and negativef < 0 to tensile strain when the adsorbate is- 5 single layer configuration (uniform flat film) to an island
land is coherent with the substrate. We ches® be the  configuration, above a critical size or lattice misfit. However
same for all pairs of atoms whether they belong to the film ofypike the results from continuum elasticity theory, the phas
substrate. Calculations were performed with periodic boundgijagram is not symmetric with respect to the misfit paramet
ary conditions for the substrate in the direction parallel to theynq thus the behavior for compressive and tensile strained le
adsorbate-substrate interface. In the calculations, the two bogys js quite different. The asymmetry is more pronounced fc

tom layers of the five-layer substrate were held fixed to simuy |ong range interaction potential, which includes significar
late a semi-infinite substrate while all other layers were free tqgntribution from next nearest neighbor atoms [16].

move. Typically, each layer of the substrate contained about Comparing these results with those from the continuur

100~ 500atoms. elasticity theory [2], we note that there are two key paramete
in Ref. [2]: r, the ratio of shallow to steep facet surface en
ergies, and the scaled volurwewhich depends ol and the
SRS misfit f in the combinatiorN f4. The phase diagrams in Fig.
egeccceseescese] 2 correspond to a fixed value of For the transition line from
S0 single layer to finite height island shape in our phase diagrar
seescesceseescessivel we find that the critical size along the transition line can be fit
SIS ted to a power law abl. 00 f~2, with a ~ 3.8, consistent with
Jeececeseicessiseicieeiece) the result from the continuum elasticity approach.

substrate o

f T

Fig. 1. Two-dimensional model of the epitaxial island and substrate
showing the particle configurations in the coherent state. The two
layers at the bottom are held fixed while all others are free to move.

frozen

ISLAND SIZE ! ATOMS

Ill. RESULTS AND DISCUSSION

1. Equilibrium shape

To obtain the equilibrium shape of the island for a fixed to- G 8 % 4 =2
tal numberN of atoms without assuming any predetermined
shapes, we use a §yst_emat|c §earch approach. Each |n|t|_a[b. 2. Phase diagram showing island shape type as a functi
coherent conflguratlon is described by a set of |nt¢ger NUM5¢ number of atoms and lattice misfit for a short ranged potentia
bers,ni. specifying the number of atomlslln successive Iayer?)ifferent phases as labelled by the number of layers of the island.
of the island. In terms of these quantities, the two types o

facets, considered in the previous works [2, 3] correspond to

0
MISFIT /%%
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2. Shape transition for an initially dislocation-free island. This is in contrast with
the mechanism for a flat uniform film [14], where dislocations

We have also studied minimal energy paths for transitionglucleate from the top layer. This result provides a strong su|
from a flat layer to an island of finite height. For a fixed num- POrt from atomistic calculations for the conclusions obtaine
ber of atomsN and misfitf close to the transition, we con- Within continuum elasticity theory [6, 7]. To better under-
sider two shapes corresponding to the different states across§nd the dislocation nucleation mechanism, we consider a.
transition line from 1 to 2 ML in Fig. 2. Given these as ini- 9ion of phase space where the dislocation is not necessal
tial and final states, we use the Nudged Elastic Band (NEB§PONtaneously generated., there may exist a finite barrier
[15] method to generate a (locally) minimum energy transition'of nucleation. _The transition path for dlsloca_tlon nucleatiol
path between these two different shapes. We follow the similS generated using the NEB approach [15] with the cohere
lar approach used in the study of defect nucleation in strainet/and and the island with dislocation as the initial and fin
epitaxial films, introduced recently [14]. As an initial guess States. As a initial guess for the transition path we use agair
for the transition path we use a simple linear interpolationSimple linear interpolation scheme between the coherent a
The resulting energy profile and configurations along the minincoherent states. The resulting energy profile and configi
imum energy path are shown in Fig. 3. As it is clear from thefations along the minimum energy path found are shown i
figure, there is a large energy barrier separating the two dig=i9: 4. The sequence of configurations along the transitic
tinct minima corresponding to the two different shapes. Thig?@th shows that the a dislocation nucleates from the right ed
is generally true for any two states bordering the transitiorPf the island (Fig. 4b) and then propagate inwards. The e
line in our phase diagram in Fig. 2. Thus, depending on th&rgy ba_rrler for_a fixed |s_Iand size decreases W|_th misfit. Thi
time scale, the transition may occur too slowly to be observedf consistent with experimental results [10], which show the
during epitaxial growth. The existence of this large energySMall islands are dislocation-free but dislocations appear
barrier, obtained with our atomistic model, supports the conthe island when it reaches a critical size.
clusion from the elastic theory calculations [2, 3] that the tran- A cosamsoosn B f=7%
sition can be regarded as first order. SR ."'"\.
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6 or ! 1 Fig. 4. Atomic configurations for the minimum energy path anc
" PO — energy profile (inset) for dislocation nucleation. Closed path in (c
reaction coordinate is the Burgers circuit around the dislocation core in the final state.

Fig. 3. Atomic configurations for the minimum energy path and
energy profile (inset) across the shape transition boundary for flat IV. CONCLUSIONS
layer to island shape.

In summary, we have studied the equilibrium shape, sha,

transition and dislocation nucleation in strained epitaxial is

) ) ) lands using a method based on a systematic transition pe

3. Dislocation nucleation search and NEB. The equilibrium shapes are determined wit

out any preassumptions about the possible shapes. The N

For sufficiently large islands or misfits we find that relax- approach allows us to determine the energy barrier and tra
ing an initial configuration with MD cooling already gener- sition path for the shape transition and for dislocation nucle
ates dislocations in the lowest energy state. This implies thaition in initially coherent islands. In particular, we found tha
the energy barrier for dislocation nucleation is zero or negdislocations can nucleate spontaneously at the edges of
ligible above a critical value. We find that the dislocationsadsorbate-substrate interface above a critical size or mis
nucleate from the edges of the adsorbate-substrate interfaédthough we have used a 2D model for the calculations, th
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method can also be extended to more realistic 3D systems. paroa Pesquisa do Estado dad&Paulo - FAPESP (grant no.
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