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Kinetic Monte Carlo simulation of nucleation on patterned substrates
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The effects of a patterned substrate on island nucleation are investigated using kinetic Monte Carlo simu-
lations. Two different models are formulated by incorporating an inhomogeneous energy surface into the basic
solid-on-solid model of epitaxial growth to describe surface diffusion and consequent island nucleation on a
patterned substrate. These models are related to two examples of real systems in which preferential nucleation
at specific sites is encountered. Growth on a patterned substrate produces quite uniformly sized islands, which
are are found to order into regular arrays displaying the periodicity of the underlying substrate. Confinement
due to the patterned substrate is observed to be strongly dependent on the growth conditions. We demonstrate
that there exists an optimal set of growth conditions determined by the length scale of the substrate pattern. In
addition, the influence of the patterned substrate on the process of Ostwald ripening is discussed.
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[. INTRODUCTION jective is to examine mechanisms that lead to spatially or-
dered nucleation and consequently to a narrow island size
Much of the recent interest in studies of metallic anddistribution. In this study we present two different models,
semiconductor systems has focused on atomic scale strugotivated by the examples above. These are used to study
tures, due to their great potential for numerous technologicafiualitatively how the spatial variation in diffusion activation
applications: For example, spontaneous self-organization ofenergy affects island nucleation.
islands in heteroepitaxial thin-film growth has been utilized ~This paper is organized as follows. In Sec. Il we give
to manufacture semiconductguantum dots These three- details about the model systems and the simulation setup. In
dimensional structures, where electrons are confined to a n&ec. Ill we discuss our results. Finally, in Sec. IV we give a
nometer scale in all three dimensions, have interesting optSummary and concluding remarks.
cal properties. The fabrication of actual device structures is,

however, problematic, since a large number of uniformly II. SIMULATION MODEL
shaped and sized islands is required. o
In the case of heterostructures, different properties of A. Diffusion model

component materials can offer a way to grow a spatially In this study the kinetic Monte Cari&KMC)®*° method is
ordered arrangement of islands with an improved sizeapplied to investigate the time evolution of surface growth.
uniformity.? For example, quantum dot superlattices, whichThe KMC method is based on a solid-on-s&lignodel of
consist of several layers of different materials obtained byepitaxial growth, which assumes a simple cubic lattice struc-
alternating growth of, e.g., GaAs and InAs, yield a structureture with neither vacancies nor overhangs. The basic pro-
with strained layers of InAs islands embedded in GaAs. Theesses included in the model ateposition of adatomand
fascinating feature of this structure is that the islands tend tgubsequensurface diffusionThe process of desorption has
nucleate directly on top of the buried islands. This leads to ®&een omitted from the model since it is negligible under
narrow island size distributiofr.” The vertical correlation in  usual growth conditions of molecular beam epitaxy, which is
island positions is explained by the effect of strain on thecommonly used in growing atomic scale structures. Thus the
surface caused by the underlying buried islands. This straifractional surface coverage is given By=Ft, whereF is
changes the activation energies of the diffusion of adatomehe constant deposition rate of atoms in ML/s, drid the
deposited on the strained surface, and thereby affects thshysical time. The deposition of adatoms takes place onto an
nucleation of islands in the topmost layer. initially flat substrate. In the simulations a deposition site is

In some heteroepitaxial systems strain due to lattice misfirst selected at random, and then a search is carried out
match is relieved by the spontaneous formation of domaingyithin a square of fixed linear size oR2+ 1, centered upon
separated by a regular network of dislocati®@ne example the selected site. The site with a maximum number of lateral
is a system of 2 ML of Ag deposited on (BL1),"® where  nearest neighbors is chosen as the deposition site.
dislocations constitute effective repulsive barriers for the dif- The diffusion rate of a single adatom is defined as the
fusing adatoms on the surface, confining the adatoms to therobability of a diffusion jump per unit time, and it is given
domains. Consequently, nucleation on top of the dislocatiomy the Arrhenius-type expression
network produces ordered arrays of rather uniformly sized
submonolayer islands, most of which are located in spaces K(E,T)=Kko exp(—E/KkgT), (1)
between dislocations.

In this work, we concentrate on the initial stages ofwhereE is the activation energyl is the substrate tempera-
growth, i.e., on the growth of two-dimensional islands thatture, andkg is the Boltzmann constant. The prefaciqy
are formed in the submonolayer regimepdatelets The ob-  corresponds to the frequency of atomic vibrations, and it is
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enced by the diffusing particfé:}* In the random-trapping
model the binding energy of the particle varies from site to
site (corresponding to our model)Awhile in the random-
hopping model the saddle point energy between adjacent
sites variegmodel B in this worl.

Of the systems described above the vertically correlated
quantum dot superlattices serve as an experimental motiva-
tion for the model A. As explained in Sec. I, surface diffu-
sion of adatoms and subsequent island nucleation in these
systems are affected by the spatial bias that arises from the
strain at the surface due to buried islands. The process of
island nucleation is a complex issue, therefore a detailed
analysis of a specific system would require much more de-
tailed models and careful fitting of the parameters. However,
in this work, we wish to examine the origin of possible

= mechanisms that lead to spatially ordered nucleation through
the variation of diffusion activation energies. Model A de-
FIG. 1. Variation of the diffusion activation energies inside a g¢ripes a situation in which the energy surface seen by the

single domain on the patterned substr@ehematif. The size of a diffusing adatom is spatially biased by some underlying
single domain is 2% 22 lattice sites, thus the whole substrate CoN-siructure of the substrate.g., buried islands

sists of 16< 16 of these domains. The lower part of the figure shows Motivation for Model B, in turn, is based on the experi-

the corresponding variations of the simulation model paramé&igrs . .
) mental system of Ag/2 ML Ag/R111) heteroepitaxy. In this
(moglel A and Ep (r_nodeI_B)_when traversing thr_ough the cross case, the substrate is patterned with a regular network of
section of the domain as indicated in the upper figure. - . . . . .
dislocations which act repulsively towards the diffusing

. B 1 . adatomg:®® In model B, we have included an additional,
assigned the value,=2kgT/h, ™ whereh is the Planck con- hop-direction-dependent diffusion barri&,, to describe

stant. In the basic model, the activation enelgyomprises & the |ong-range repulsive adatom-dislocation interaction. It

substrate ternEs, and a contribution from each occupied should be noted that such a barrier does not affect only the
lateral nearest neighbor atoi, jumps that cross the domain boundaries but each adatom
experiences a repulsion from all the boundaries which are
within half the lateral size of a domain from the adatom.

where n=0—4 is the number of occupied lateral nearest The simulations presented in this work were carried out
neighbors at thénitial site. In this basic model of diffusion, O & Square lattice of size 35352, with periodic boundary

the adatom lands with equal probability to any of the fourconditions. The domain size was selected to b& 22, thus
neighboring sites. introducing an underlying superstructure ofXL66 square

domains into the system. The valueEg=0.75 eV andEy
=0.18 eV were used for parameters describing the substrate
and nearest-neighbor binding energies, respectively. These
The purpose of this study is to build a simple modelvalues were previously used to model qualitatively the effect
which captures the salient features of island nucleation on aof reentrant layer-by-layer growth observed for(1Rtl)
inhomogeneous substrate. The patterned substrate is incorgeemoepitaxy®
rated into the basic diffusion model described above by di- For model A, the variation of the substrate binding energy
viding the lattice into square-shaped domains of $izé. Es inside each domain was chosen by performing some pre-
The square geometry is adopted for simplicity and to speetiminary simulations. The value&g=0.65 eV andEg,
up the computation. The energy barriers for diffusion are=0.85 eV (see Fig. 1 produced an effect which was clear
varied within the domain structure in two wagsee Fig. 1L but not artificially strong. The effect of varying these values
(1) (Model A) The parameteEg is let to vary piecewise was also examinetsee Sec. 1l B. In the case of model B,
linearly as a function of the lateral position of the adatom onthe order of magnitude of the additional diffusion barrier,
the surface. The total barrier for diffusion is given By  Ep, need not to be very large because it has been sHown
=Egq(X,y)+nEy. that even a small increase in the diffusion barrier is feasible
(2) (Model B) An additional diffusion barrieEp is intro-  to lead to substantial changes in diffusivity. This is because
duced for the diffusion jumps directed toward the domainadatoms have to make several jumps in an unfavorable di-
boundaries. The strength of the additional barrier is deterrection to cross a dislocation. Based on this information, the
mined by the distance of the adatom from the boundary. ThealuesEp;=0.02 eV andEp,=0 eV were used for the
total barrier for diffusion is given byEg=Egs+nEy+Ep, maximum and minimum values of the additional barrier, re-
whereEp depends on both the hop direction and the laterakpectively(see Fig. 1L
position of the adatom on the surface. The deposition raté&= was 0.0033 ML/s, and the value
Similar models are used in studies of tracer diffusion inR;=1 was used for the incorporation radius as in Ref. 16.
disordered lattices to describe the energetic disorder experiFhese parameters are used in the simulations presented in

E=Es+nEy, 2

B. Patterned substrate
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(© centers of the domains. Consequently, the domain centers act
as preferential nucleation sites.

As for the arrangement of islands on the surface we have
found it to be strongly dependent on the growth temperature.
At low temperature$Fig. 2(d)], the average diffusion length
is so short that several small islands nucleate within each
domain. The island density is highest near the domain cen-
o 4K ters. At intermediate temperaturggig. 2(€)], the average
diffusion length corresponds to the lateral size of the do-
mains, thus the adatoms are able to visit all parts of the
domain into which they were deposited. This leads to the
nucleation of a single island within each domain. The do-
mains act as equally large capture areas for the islands, thus
we also observe an enhanced size uniformity. When the tem-
perature is further increasddrig. 2(f)], adatom diffusion

FIG. 2. Island morphologies obtained at three different tempera? the d in b daries b tivated. A It
tures (from left, 340, 390, and 440 Kfor the homogeneous sub- across the domain bouncaries becomes activated. As a resul,

strate (a)—(c), and for the patterned substragmodel B (d)—(f). S‘?me _Of the domains are Ief_t gmpty When smaller !Slands

200% 200 surface sections of the whole system (8382) are dissociate, and the adatoms join surrounding larger islands.

shown. The coverage is 15%. Dark areas designate the substrate ahliS corresponds to 2D Ostwald ripenihf; although the

light areas the first layer of adatoms. process is affected by the patterned substrate. Ostwald ripen-
ing and the high-temperature behavior of the systems are

this study unless stated otherwise. The temperature range giscussed in more detail belolgee Sec. Il €

interest was determined by the behavior of the system. We Figure 4a) shows the average island s, plotted as a
found that in the simulations for the chosen parameter set thinction of temperature for the homogeneous substrate and
effect of patterned substrate on nucleation was most prd®" Poth patterned substrate models A and B. Hegfede-

nounced for the temperature range 360—420 K. notes the ensemble average, i.e., the average over many
simulation runs. As inspection of the island morphologies

(Fig. 2) already indicated, the patterned substrate has a
lil. RESULTS AND DISCUSSION strong effect on the average island size. For samples grown
In our computational experiments thin film growth on ©N & homogeneous substrate, the islands grow smoothly with
solid substrates is initiated by the nucleation of small two-iNcreéasing temperature. In the case of a patterned substrate,
dimensional2D) islands, which can then serve as templatesVe Observe that the average island size stays approximately
for the development of larger 3D islands. Although ourConstant ¢~73) for temperatures ranging from 370 to 400
model allows three-dimensional growth, we do not expect it<: Thus the islands on a patterned substrate are less sensitive
to be described realistically. This does not, however, pos& Small changes in the growth conditions, which is signifi-
any problems because all the results presented here are ﬁnt_because precise _control o_ver.the island characteristics is
systems that have reached an adatom coverage of up to 159&fuired for technological applications of nanostructures.
in the simulations, at which point the islands are still purely N addition to the average island size, we are also inter-
two dimensional. In this study, we are interested in the de_est_ed_ln the variations the islands e>_<h|b|t m_thelr size. Thes_e
velopment of surface morphology and in the size distributionV@rations are measured by calculating the island size distri-
of nucleated islands. For sufficient statistics for the resultsPution, N(s,t) =N(t), which is defined as the areal density

we have taken ensemble averages over 50 simulation runsof islands composed o atoms 6>1) at timet. Figure 3
shows the development of the island size distribution as a

function of temperature for the homogeneous substrate and
the patterned substrate of model A. The corresponding
Figures 2a)—2(c) show examples of island morphologies curves for model B have not been plotted, because they
at three different temperatures for samples grown on a haurned out to be very similar to those for model A. The
mogeneous substrate. In agreement with the theory of suldgifferences between these two models are discussed later in
monolayer epitaxy, the 2D islands are randomly distributedhe text(see Secs. IlIB and Il €
on the surface, and the average island separation correspondsWe also point out that the form of the island size distri-
to the average diffusion length of adatoms. Since diffusion idution curves is in good agreement with the behavior ob-
a thermally activated process, increasing the temperature gerved from the lattice picture§ig. 2). At very low tem-
expected to lead to a large average island size and separatiparatures, the curves for both the homogeneous and the
between them, as we also observe. patterned substrate exhibit a high and narrow peak at small
When the substrate is patterned, it has a strong effect ovalues ofs. For islands grown on a homogeneous substrate,
both the positioning and the average size of the growinghe size distribution broadens smoothly with increasing tem-
islands, as indicated by Figs(d@2—2(f). In both patterned perature. For the patterned substrate, an additional maximum
substrate models the inhomogeneity in the activation enemppears around=70 at temperaturef =360 K. This is
gies of diffusion produces a net flow of adatoms toward thecaused by the coalescence of several small, neighboring is-
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A. Effect of patterned substrate
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FIG. 3. Island size distributions as a function of temperature for 0.8F| —— Model'A
the system with homogeneous substrate the lefy and with the —a— Model B

patterned substraignodel A (on the righj. The coverage is 15%.
The horizontal axis is the number of particles in the island and the
vertical axis is in units of islands per lattice site. Curves for tem-
peratures of 370-410 K have been shifted by1®° relative to

the preceding curve.

lands within each domain. For the temperature rafige
=370-400 K, the island size distribution stays approxi- 00 340 360 380 400 420 440
mately constant due to the confinement effect caused by the T(K)
substrate pattern. Each domain contains a single island which FiG. 4. (a) Average island size an) relative width of the
consists ofs=73 atoms on averag@vhen the coverage is island size distribution as a function of temperature for the homo-
15% and the domain size is 22). When the temperature geneous substrate, model A, and model B. The coverage is 15%.
is increased abovd =400 K, the distribution begins to
broaden, and the maximum shifts toward higher values of mains. The domains act as equally large capture areas for the
as a consequence of interdomain diffusion. islands; therefore, the small fluctuations in island sizes are
Hence we conclude that there exists an optimal growtttaused mainly by the randomness in the deposition process.
temperature at which nucleation on a patterned substrate rét high temperatures, the relative width of the size distribu-
sults in high spatial ordering and enhanced size uniformity otion increases again when diffusion across the domain
the islands. The optimal growth temperature can be measoundaries results in the formation of larger and smaller is-
sured by monitoring the relative width of the island sizelands, as already mentioned. It should be noted that essen-
distributionw, defined asv=o/(s), whereo=\(s?)—(s)?> tially the same behavior is observed if the deposition rate is
is the standard deviation of the island size distribution, andraried while keeping the temperature constant.
(s) is the average island size. The smaller the value &f, We now relate our two models with the two experimental
the smaller the fluctuations in island sizes are. Thus the opsases discussed in Sec. |. First we take the case of the verti-
timal growth temperature can be identified by locating thecal sequence of the quantum dot superlattice, which we ex-
point at whichw reaches its minimum value. pected to be partially described with model A. Although in
Figure 4b) showsw as a function of temperature for the this case there is experimental evidence for the vertical cor-
homogeneous substrate and for the patterned substrate maetation of quantum dot positions in superlattiééSthe ex-
els A and B. At low temperatures, the valuesnoéire higher  act mechanism of the preferred nucleation is not clear. It is
for the patterned substrates, because the coalescence asfisumed that the nucleation of adatoms forming the quantum
neighboring islands near the domain centers results in largetot takes places at the minima of the strain energy caused by
fluctuations in island sizes. However, in the temperaturéhe underlying dof?° However, currently the effect of
range from 360 to 420 K, the decrease in the relative widttstrain on adatom diffusion on semiconductor surfaces is not
of the size distribution shows that the islands on the patwell understood? It should be noted that in this study we
terned substrates are clearly more uniformly sized than thbave only concentrated on the initial stages of island growth,
islands on the homogeneous substrate. Moreover, we obserwdile experiments have been conducted to the full three-
that the curve fow has a local minimum at approximately dimensional layered heterostructures without paying atten-
390 K in the case of model B, and for model A the minimumtion to the initial stages of growth.
is reached at a slightly lower temperature. At this tempera- As for the relation of the model B with the second experi-
ture the average diffusion length is equal to the average ismental case, i.e., the system of metallic heterostructure, it
land separation, which is determined by the size of the doshould be noted that the number of experimental measure-

035407-4



KINETIC MONTE CARLO SIMULATION OF . .. PHYSICAL REVIEW B 63 035407

ments of diffusion and nucleation on an inhomogeneous sub- (a)
strate is currently very limited. Nonetheless, we can make 1r
qualitative comparisons to the results of Brune and co-

workers,”® who studied the system of Ag/2-ML Ag/@tL1). 0.8/

In our simulations, we have included the long-range repul-
sive adatom-dislocation interaction that in Refs. 7 and 8 was 0.6
proposed to be the key property leading to confined nucle- =
ation. When comparing the lattice pictures obtained from our 0.4r
simulationg Figs. 2d)—2(f)] to the series of scanning tunnel-
ing microscopy images in Ref. 8, we find that our results 0.2-
agree very well with the experiments. The periodicity of the
dislocation network is transferred to a highly ordered two-

dimensional island superlattice for a narrow temperature 320 340 360 '??Ig) 400 420 440
range. At temperatures below this range, several islands
nucleate within each unit cell, and at higher temperatures the (b)

island density drops when the adatoms are able to overcome 1
the repulsive barriers due to dislocations. Our simulations
reproduce this experimentally observed behavior at various 0.8}
temperatures.
0.61

B. Effect of model parameters 3

In order to gain insight into the differences in the behavior 0.47

of models A and B, effects of varying the model parameters
were studied. The strength of the substrate pattern is deter-
mined by the difference between the paramegysandEg,

0.2}

for model A, andEp; and Ep, for model B. Figure &) %éo 3[;0 360 350 460 4§0 4[10
shows the results of simulations for model A, and Fith)5 T(K)

results for model B, using three different strengths of the FIG. 5. Effect of varying the strength of the substrate
substrate pattern in each case. pattern. The relative width of the island size distribution

For model A, using a smaller value &s; and a larger is shown (8 for model A using the parameter values
value of Eg, extends the temperature range in which the{Es;,Es,}={0.65,0.8% eV (+), {0.60,0.99 eV (O), and
confinement effect of the patterned substrate results in a naf9.55,0.9% eV (A); and(b) for model B using the parameter val-
row distribution of island sizes. First we observe that theues {Epi,Epp}={0.01,0 eV (+), {0.02,¢ eV (O), and
behavior of the system is unaffected at temperatures belof-03.0 eV (A).

380 K. This is due to the fact that at these temperatures the L

average diffusion length is so short that the net movement ofimilar behavior if we follow the development of the adlayer
adatoms is not affected by small changes in the diffusior?ftef the deposition has been _stoppeq: smgll islands dissoci-
activation energies. ate in favor .of larger ones until the S|mula_1t|on system con-

In the case of model B, the strength of the substrate pa@iSts Of & single large cluster. At very high temperatures,
tern is determined by the maximum value of the additionadiffusion is so fast in the time scale of deposition that Ost-
diffusion barrier,Ep;. As expected, a larger value &, wald ripening takes place simultaneously with grovvth._
produces a strong confinement. In this case, however, the In contrast, on apgtterned su_bstrate we observe aqm‘erent
behavior of the system is influenced in the whole temperakind of post-deposition behavior of the adlayer. Figures
ture range from 320 to 440 K. This is explained by the hop-6(@—6(c) and &d)—6(f) show the post-deposition develop-
direction dependence of the additional diffusion barfigg, ~ Ment for models A and B, respectively. The initial configu-
A larger repulsion from the domain boundaries drives the@tions[Figs. Ga) and @d)] were created by random deposi-
adatoms more effectively toward the centers of the domaindion of 10% coverage of adatoms. In both cases, an ordered

even at low temperatures. This leads to the coalescence 8ff@y of 2D islands forms quickly after the deposition had
several small islands, and to a consequent increase in tHREe" stoppedFigs. 6b) and Ge)]. In the case of model A,
relative width of the size distribution. further diffusion does not change the arrangement of islands

notably[Fig. 6(c)]. We observe the same behavior when the
growth temperature is sufficiently high. In Fig. 7 we show
the relative width of the island size distribution for model A
We have also studied the high-temperature behavior ofs a function of temperature. The distribution becomes in-
the model systems and the process of 2D Ostwald ripening ioreasingly narrow until the system reaches a stable state
more detail. On a homogeneous substrate, the average islaatbund 500 K. Thus the patterned substrate not only en-
size grows with increasing temperature until the average difhances the spatial ordering and size uniformity of the islands,
fusion length becomes comparable to the size of the simulabut also increases the stability of the configuration. In the
tion system. The process of 2D Ostwald ripening leads t@ase of model B, the process of Ostwald ripening is not

C. High-temperature behavior and Ostwald ripening
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b 0.8
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FIG. 7. High-temperature behavior of the relative width of the
size distribution for the patterned substrate model A wiR
S =0.16 eV.

FIG. 6. Post-deposition development of surface configurations
for model Aga);(c) and Lor ,moéjz' B(d);(f)' ghe initial C?”fég“' our simulations are in good qualitative agreement with ex-
rations(a) and(d) were obtained by ran om eposition of a atomsperimental observations.

o the coverage of 10%. The temperature is 400 k<88 surface In order to compare with previous simulation studies, we
sections of the whole system (38352) are shown. P b . L '
refer to the work by Lee and Barati® who studied island

completely suppressed by the inhomogeneous energy surfadkowth on a sample patterned with an ordered impurity array

of the substrate. Even though the islands first order into é;fir_]g _va_riogs qleposition rates._ Our res_ults are .Sim"‘".ﬂ FO
regular array, further diffusion leads to the dissociation of"€I'S in indicating that the spatial ordering and size distri-
smaller islands in favor of larger ones as can be seen frofgution of the islands are enhanced if the patterned substrate

Fig. 6(f). However, this process is considerably slower tharPromotes preferential nucleation at spgcific sites. In our
on a homogeneous substrate. work, we have also demonstrated that different mechanisms
The differences in the behavior between models A and Ean lead to periodic inhomogeneity in the diffusion activa-
can be explained by considering the total diffusion rate of arfion energies. Thus we propose that substrate patterning
adatom in different positions on the substrate. In the case afould be used in various systems ranging from metals to
model A, the closer to the domain centers the adatoms aréemiconductor compounds to improve the quality of nano-

the more tightly they are bound to the substrate. In othestructures produced in heteroepitaxy.

words, diffusion is slow in the center areas of the domains The models of this study were formulated on the basis of
and fast near the boundaries of domains, and consequentiyyo examples of real systems in which diffusion is affected
the energetically most favorable configuration is a single isby the inhomogeneity of the substrate. In the current work,
land within each domain. In the case of model B, the hopwe have performed detailed simulations based on these ato-
direction dependence of the additional diffusion barriers Promistic models, and ana|yzed the effect of growth conditions
duces an effective change in the direction of the netnd model parameters on the observed behavior. We con-
movement of adatoms, but the change in the total diffusiony de that diffusion and nucleation on an inhomogeneous

rate is very small. Therefore, a single island forms withing hsirate is a complex issue that offers many challenges for
each domain during the initial nucleation procéssder fa- ¢+ re studies.

vorable growth conditions but afterward Ostwald ripening  Finajly we note that strain is natirectly included in the

leads to the dissociation of smaller islands in favor of larger,, ,jels presented in this study, although we propose that a
ones. patterned substrate could originate from strain induced ef-
fects. Strain acts as a self-limiting process in island growth
IV. CONCLUSION as adatom detachment from larger islands is enhaffced.
Thus the formation of large islands is suppressed, which
In summary, we conclude that periodic inhomogeneity injeads to a narrower island size distribution. In future work,

the activation energy for adatom diffusion significantly af-\ye plan to investigate this issue further by including elastic
fects the nucleation process on the substrate. We have defteractions directly into the diffusion model.

onstrated that nanoscale patterning of the substrate can lead

to the formation of an ordered array of 2D islands with a

narrow size d|.str|but|on. Our simulation results also |nd|cat¢ ACKNOWLEDGMENTS

that the confinement effect of the patterned substrate is
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