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Spatial ordering of islands grown on patterned surfaces
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We demonstrate that growth on a sample patterned with an ordered defect array can lead to islands
with rather narrow size distribution. However, improvement in the size distribution is achieved only

if the growth conditiondflux and temperatujehave optimal values, determined by the patterning
length scale. Since the scanning tunelling and the atomic force microscopes are capable of inducing
surface perturbations that act as potential preferential nucleation sites, our work demonstrates that
nanoscale surface patterning can improve the ordering of platelets and self-assembled quantum dots.
© 1998 American Institute of PhysidsS0003-695(98)03444-5

Heteroepitaxial growth of highly strained islands hasproperties that are superior to the currently grown samples.
gained interest lately as it offers the possibility to fabricateFor this we calculate the effect of an impurity mesh on the
islands with very narrow size distribution. Thanks to theirisland sizes and positions using atomistic Monte Carlo simu-
small size, these islands are candidates for one dimensioniations. The simulations indicate that for a given pattern
electron confinement. Two different island types have beethere exists an optimal set of growth conditions at which the
found to have interesting optical properties. First, it has beeerror rate(the nucleation of an island at a position different
recently demonstrated that In&sbmonolayer island®ften  from that determined by impuritigss the smallest and the
called platelets grown on and capped with GaAs, lead to most uniform islands form. We discuss the impact of these
dramatic increase of the exciton oscillator strength over exresult on the growth of platelets and SAQDs.
citons in the bulk material, and have narrow luminescence The initial stages of island formation are determined by
linewidth! Second, for larger coverages highly strained thre¢he nucleation of small precursor islands, often called
dimensional islands form, coined self-assembled quanturplateletsi®*!* These two-dimensional2D) islands are rela-
dots (SAQDs),? that hold potential for numerous device ap- tively small, strain effects are not yet relevant, thus their
plications, from lasers to diodes and detectors. However, toucleation is governed by the laws of submonolayer
turn the self-assembling process into actual devices we neezpitaxy’>*®> The phenomenology is quite  well
to reach unprecedented control over the island characterismderstood>'* the atoms deposited on the surface diffuse
tics, that includesmall (ideally close to zerpsize distribu-  until they meet another atom or the edge of an island, where-
tion, tunable island sizes, and large island density upon they stick. The diffusion probability depends on the

One way to achieve these goals is to obtain precise corenergyE=Ey+nEy, whereEy is the energy of the bond
trol over the position of the islands, since one expects thaiormed by the atom with ite nearest neighborson=0, 1,
spatial ordering would translate into narrower size distribu-2, 3, and 4 and Eq is the activation energy for monomer
tion as well® Consequently, different methods that have thesurface diffusion. Since the formation of the critical nucleus
potential to lead to spatially ordered SAQDs, such as growtlis a random event, the position of the 2D islands is random.
on patterned surfacésligning along misfit dislocationor  If there are impurities or defects on the substrate, they can
along surface stegsare subject of much interest lately. serve as nucleation sites. The precise interaction of the ada-

However, to reach the controlled positioning of the is-toms and the defects is determined by the nature of the de-
lands, we need to use patterning that offers nanoscale prediect. Here we will consider a simple model, in which the
sion in the first place. Recently it has been demonstrated thakefects are impurity atoms. The difference between an impu-
the scanning tunelling microscog&TM) and the atomic rity and an adatom comes in the activation energy for surface
force microscopeAFM) are capable of performing small diffusion for the impurity,Ef, and the binding energy be-
surface perturbations on the surface by depositing individuaween the adatoms and the impurity atoRl,. If Ej is
atoms’ small clusters or generating mesas or h8l@hese larger than E,, the impurity is less mobile, i.e., once it is
surface modificationgdefects can act as potential nucle- deposited, it diffuses slower than the adatoms. Even a small
ation sites, and their position can be controlled with nanom(E'o— E,) difference can translate into an impurity diffusion
eter precision. Thus STM/AFM tips can be used to patterrso slow, that within the time scales defined by deposition
the surface with a mesh of spatially ordered defé@sowth  (<1/F, whereF is the fluy the impurities are practically
on such patterned surface is expected to lead to preferentimhmobile. Finally, the condition that an impurity serves as a
island formation around the defects. However, since thewucleation sitgi.e., adatoms that attach to it do not diffuse
nucleation of islands at positiomifferentfrom those deter- away) is E\>Ey,.
mined by the pattern cannot be excluded, it is not clear that In the simulations we assume that a regular mesh of
such patterning will improve the positioning and the sizeimpurity atoms forming a two-dimensional square lattice has
distribution of the islands. been deposited on the substrate, such that the distance be-

In this letter we demonstrate that the combination of antween the impurity atoms ig’;. On this substrate we then
ordered defect array with suitably chosen growth conditiongleposit atoms with coverage
for island formation has the potential to produce islands with ~ Figure Xa)—1(c) show the island morphologies for three
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FIG. 1. Island morphologies obtained on an impurity free substeatdc) as well as on a surface patterned with impuritids-(f), each shown for coverage
0=0.1, and for different deposition fluxes. The parameters in the simulations are systent-s#@0,T=400 K,E;=1.3 eV,Ey=0.3 eV, E'0
=26 eV,E'N=0.6 eV, and/;=40. In (e) we show as small circles the position of the impurities that were uséd)-f).

different fluxes, grown on an impurity free substrate. Inoptimal flux, Fopt: at Whichw, has a minima(in contrast
agreement with submonolayer epitaxy, as the flux increasegith the impurity free case, for whictv, monotonously in-
it leads to a decreasing average island si{gg,and an in-  creasep In the following we discuss separately each of the

creasing island density, In contrast, as Fig.(#)-1(f) indi-  three growth regimes, offering quantitative support for the
cates, the impurities have a strong effect on both the size angLialitative conclusions derived from Fig. 1.
the position of the islands. For small fluxes, wHes/;, Regime I; Small fluxef 3> /;): In this regime, the im-

islands are nucleated only around the impurifieg. 1(d)].  purities are the only nucleation sites. However, the typical
However, in this regime the island sizes are not uniform, bukeparation between islands on the impurity free substrate is
we observe thecoexistence of small and large islandes  much larger than’; [see Fig. 1a)]. As a consequence, only
contrast, for intermediate fluxes, whég=//, all islands some impurities nucleate large islands, leading to the coex-
have approximately theame sizgFig. 1(e)]. Finally, for  istence of distinctly small and large islanfdgig. 1(d)]. This
large fluxes, wheny</;, islands are nucleated randomly, observation is supported by the island size distribution,
and while the impurities still serve as preferential nucleationyhich is bimodal: we observe a rather narrow peak corre-
sites, there are additional islands, and the observed configgponding to small islands&5-10), and a wider peak cor-
ration is indistinguishable from the impurity free cd$89.  responding to the larger islands=£100). However, since
1(f)]. islands are nucleated only by the impurities, the island den-
As Fig. 1 illustrates, for a given impurity mesf) there  sity in this regime is constant, being equal to the impurity
is an optimal flux at which the islands nucleate only on im-density, in contrast with the impurity free case for whieh
purities and their size is rather uniforfe.g., Fig. 1e)]. This  increases wittF [see Fig. 2b)]. Furthermore, in this regime
optimal flux can be measured by calculating the relativethe average island sizés), is also independent of the flux
width of the island size distributiony, defined asw  [see Fig. 2Zc)].
=wi/(s) wherew=(s?)—(s)? is the width of the size distri- Regime II; Optimal fluX|4~//): The most striking re-
bution, and...) denotes ensemble average. The smaWés,  sult of our simulations is that there is an optimal flig,y,
the smaller the fluctuations are in the island sizes. In Figat which approximately equal sized islands are nucleated
2(a) we showw as a function of flux for the impurity free only on sites predetermined by the impurity mesh. The im-
case (vp) and for growth with impurities W,). For small  provement in the island size distribution, compared to the
fluxes the coexistence of the small and large islands makdmpurity free case, can be visually observed in Fig. 1 and
w, rather large, much larger tham,. However, there is a quantitatively supported bw, shown in Fig. 2a). As Figs.
window of fluxes for whichw, is smaller tharw,, corre-  2(b) and Zc) indicate,F . is the flux at which(s) and p for

sponding to more uniform islands. In particular, there is arthe impurity induced growth cross over to the impurity free
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N ] results of the impurities will be further improved if strain is
o5 | ] taken into consideration.
2 04l While our simulations included impurities as nucleation
03 @ sites, we expect that the main results would apply if instead
02 04 of impurity atoms small clusters are deposited, or the STM is
used to create small mesas or holes on the surface, as long as
0:0020 — these defects act gweferential nucleation sitesThe recent
0.0015 //// ] development of parallel AFM tips, consisting of over a hun-
a 00010 | . = ] dred individual tips, allow the parallel creation of ordered
0000s p o T o surface defects with a single touchdown, thus foreseeing the
0.0009 o010 om0 o0 040 rather fast nanometer scale patterning of surfaces for device
applications. Our main result is that the mere deposition of
2000 ‘ ‘ ‘ these nucleation centers is not enough for improvement in
1500 F 1 their island characteristics: improvements are obtained only
8 1000 1 for carefully tuned growth conditions so that the growth
50.0 @ | takes place at an optimal flux. Since it is rather easy to tune
09 o= T oo oo the flux in an molecular beam epitax¥IBE) chamber, it is
F possible to locate this optimal flux experimentdfyNatu-

FIG. 2. (a) Relative width of the island size distribution for surfaces without rally, for ez_mh/'. there will be a dlfferent:o”t’ WhICh has to

(A) and with impuritiegB) as a function of the flu¥. w increases monoto- be determined mdependently, but the very existence of such
nously for the surface without impuritieéb) Island density vs flux for the ~an optimal flux indicates that the controlled deposition of
surfaces withoutA) and with impurities(B). The island density increasing impurities has the potential to produce high quality samples

with F for the surface without impuritieA). With impurities, for small ; ; ; ; ot
fluxes the island density is constant, being equal to the impurity defsjty. with potentially superior optical characteristics.

Average island size vs flux for the surfaces with@d} and with impurities . . _
(B). The average island size decreases for the surface without impurities This research was supported by the Office of Naval Re

(A), following (s)~F~%4. For the surfaces with impurities, however, the search under Award No. N00014-98-1-0575.

average island size is constant uifitd=0.08, and then decreases for larger
F, converging to the impurity free curve.

values. The optimal fluxt,;, corresponds to the case when
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distribution**? Consequently, we expect that the beneficial locate the optimal growth conditions.
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