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Self-assembly of quantum dots: Effect of neighbor islands on the wetting
in coherent Stranski-Krastanov growth
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The wetting of the homogeneously strained wetting layer by dislocation-free three-dimensional islands
belonging to an array has been studied. The array has been simulated as a chain of islarnbsliménsions.
It is found that the wetting depends on the density of the array, the size distribution, and the shape of the
neighbor islands. Implications for the self-assembly of quantum dots grown in the coherent Stranski-Krastanov
mode are discussed.
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The instability of planar films against the development ofE ,; are the energies per atom required to disjoin a half-
coherently strained three-dimensioii@D) islands in highly  crystal A from a like half-crystalA and from an unlike half-
mismatched epitaxy is a subject of intense research in recegtystalB, respectively. The mode of growth of a thin film is
times due to the optoelectronic applications of the islands agetermined by the differenak = w(n) _MgD wherez(n)
quantum dots.The term “coherent Stranski-Krastané8k) and,ugD are the chemical potentials of the fil@as a function

growth” has been coined for this formation of 3D islands __ . . . NPT
that are strained to fit the underlying wetting layer but areof its thickness) and of the bulk materiah, respectively.

nearly strainfree near their top and side wéftsn contrast The chemical potential of the bL_"k crystAIls_ given at zero
to the “classical” SK growth in which the lattice mismatch is ©€MPerature by-¢aa , the negative of the binding energy of

accommodated by misfit dislocations at the interface with thén atom to the well-known kink or half-crystal position. At
wetting layer* this position the atom is bound to a half-atomic row, a half-
Experimental studies of arrays of coherent 3D islands offystal plane, and a half-crystal blogkIn the case of a
semiconductor materials have shown surprisingly narrownonolayer-thick film ofA on the surface oB the chemical
size distributions™® This phenomenon, known as potential ofAis given by the analogous energy$,g when
self-assembly,is highly desirable as it guarantees a specificthe underlying half-crystal block oA is replaced by a half-
optical wavelength of the array of quantum dots. The physicsrystal block ofB. Thus A= ¢an— ¢ag . In the simplest
of the self-assembly is still not well understood in spite ofcase of additivity of bond energies this difference reduces to
several studie¥’'® Priester and Lannoo found that two- Eapa—Eag. Then Aw is proportional to @, ie., Au
dimensional(2D) monolayer-high islands have a minimal =Eaa®.?! It follows that the wetting parameteb deter-
energy per atom for a certain size and act as precursors of thigines in fact the mechanism of growth Afon B.2*
3D pyramidal islands, which become energetically favored at In the present work we study the behavior ®ffor is-
a smaller volumé? Thus at some critical surface coverage lands that belong to an array. For the coherent SK growth,
the 2D islands spontaneously transform into 3D ones prewhich is in fact the formation of dislocation-free 3D islands
serving a nearly constant volume. The resulting size distriof A on the samdstrained material A, it is convenient to
bution reflects that of the 2D islands which is very narrow.define the wetting parametédr as the difference of the in-
This picture has been recently corroborated by Elekal®  teraction energies of misfitting and non-misfitting 3D islands
who found that the volume distribution of InAs/GaAs self- with the wetting layef’ We study the effect of the array
assembled quantum dots agrees well with the scaling funadensity and of the size and shape distributions of neighbor
tion characteristic of submonolayer homoepitdkiCorutch-  islands on the wetting parametér of a given island. We
eva et all’ and Markov and Prief§ reached the same consider an atomistic model in+11 dimensions which can
conclusion with the exception that the 2D-3D transformationbe regarded as a cross section of the reall2case. An
was found to take place through a series of intermediatémplicit assumption is that the islands have a compact rather
states with discretely increasing thickness, in monolayethan a fractal shape and that the lattice misfit is the same in
(ML) steps, that are stable in separate consecutive interval®th orthogonal directions. The 3D islands are represented
of volume. Khor and Das Sarma arrived to the same concluby linear chains of atoms stacked one upon the dth&he
sion using Monte Carlo simulatiori8. shape of the islands in our model is given by the slope of the
The formation of coherent 3D islands has been discusseside walls. The array in the-41-dimensional space is rep-
within the framework of the traditional concept of wettiffy. resented by a row of 3 or 5 islands on a wetting layer con-
The wetting parameter, which accounts for the energetic insisting of several monolaye(fig. 1). The distance between
fluence of a crystaB in the heteroepitaxy of a cryst&dl on  two neighbor islands is given by the numbemf vacant
top of it, is defined & ®=1—Ez/Eas, WhereEx, and  atomic positions between the ends of their base chains.

0163-1829/2004/629)/1933074)/$22.50 69 193307-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B59, 193307 (2004

0.07 T T T T T T T T T

r — (lisl)
o @ —@central isl. (3isl.)

FIG. 1. Schematic view of an array of islands on a wetting layer. O—-H8 central isl. (5 isl.)

The central island is surrounded by two islands with different s
shapes and sizes. The spacing between neighbor islands is denot N .
by r, which is a measure of the density of the array. ‘@ =N

o 006 | .

In order to simplify the computational procedure, the
“wetting layer” in our model is in fact composed of several
monolayers of the true wetting layer of the overlayer mate-
rial A plus several monolayers of the unlike substrate mate-
rial B. This composite wetting layer has the atom spacing of
the substrate materi8 as is the real case, but for the sake of
simplicity, it has the atom bonding of the overlayer material ;5 . . . . . . . . .
A. This underestimates somewhat the valuddbecause the 0 2 4 6 8 10 12 14 16 18 20
A-A bonding is weaker than tH&-B bonding, but it does not Distance between islands r
introduce a significant error as the energetic influence of the g 3. pependence of the wetting parameter of the central is-

substrateB is screened by the true wetting lay&r land on the distance between the islands. All islands are 3 ML

To find the equilibrium atomic positions, we make use 0fhigh and have 20 atoms in the base chain. The lattice misfit amounts
a simple minimization proceduré. The atoms interact to 79%. Results for arrays of 3 and 5 islands are given, as well as for
through a Morse potential V(x)=Vo[e ¢ @ 4 reference isolated island.

—2e~ =37 \We calculate the interaction energy of all the

atoms as well as its gradient with respect to the atomic coin fact the essential physical effect exerted by the neighbors

ordinates, i.e., the forces. Relaxation of the system is peon a given island: it loses contact with the substrate and the

formed by allowing the atoms to displace in the direction ofwetting parameter is increased. We can regard this as the

the gradient in an iterative procedure until the forces fallsubstrate becoming stiffer under the influence of the neigh-

below some negligible cutoff value. Periodic boundary con-bor islands.

ditions are applied in the lateral direction. We consider only The influence of the density of the array is demonstrated

interactions with first neighbors. in Fig. 3. As expected, the wetting parameter increases with
As expected, the edge atoms are found to be more weakijicreasing array density. The figure also allows us to estimate

bound to the underlying wetting layer than the center atomghe size of the effect. At a distange=10 (about 3 nm,

(Fig. 2). Compared to an isolated island, the edge atoms ofieighbors make increase by 10%; this represents an effec-

an island in an array adhere weakly to the substrate. This itive decrease in adhesioAE,g of 0.10PE,,. For Ge/

Si(100 (desorption energy of Ge: 4 eVthis gives about

20 meV, a contribution of the same order as the elastic en-

ergy per atom(40 meV in this systeR?) that can signifi-

cantly affect the delicate balance of the energies involved in

’ E the growth process: diffusion barriers and surface/interface
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Figure 4 shows the wetting parameter of the central island
vs the size of the side islands. Increasing the volume of the
side islands leads to an increase of the elastic fields around
them and to a further reduction of the bonding between the
edge atoms of the central island and the wetting layer.

Figure 5 demonstrates one further important result, the
effect of the size distribution on the wetting of the islands. It
shows the behavior of the wetting parameteof the central
island as a function of the number of atoms in the base chain
of the left island. The sum of the total number of atoms of
left and right islands is kept constant and precisely equal to
the doubled number of the central island. The facet angle of
all three islands is 60°. Thus the firdnd the last points

FIG. 2. Distribution of the energgin units of V) between the ~give the maximum asymmetry in the size distribution of the
atoms of the base chairi a 3 ML high, coherent island of 20 atoms array, the left(right) island containing 9 atoms and the right
in the base chain, and the underlying wetting layer, for a positive(left) island 105. All three islands are 3 ML thick. The point
misfit of 8%. Full circles correspond to an island separated by &t the maximal wetting corresponds to the monodisperse dis-
distancer =5 from two identical neighbors, while the empty ones tribution: the three islands having one and the same volume
correspond to a reference isolated island. of 57 atoms. This means that in the case of perfect self-
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FIG. 4. Dependence of the wetting parameter of the central is- FIG. 6. Dependence of the wetting parameter of the central is-
land on the size of the two side islands. These two have equdfnd on the shape of the neighbor islands, as given by the facet
volumes and are separated from the central one by a distance @ngle of their side walls. The central island has side walls of 60°.

=5. All the islands are 3 ML high, the central one has 20 atoms inAll islands are 3 ML high, have 20 atoms in their base chains, and
the base chain, and the misfit amounts to 7%. are separated by a distance 5. The misfit amounts to 8%.

ubstrate and in turn on the displacements and the bonding of

assembly of the array, the wetting parameter and therefo !
y 4 gp the edge atoms of the central island.

the tendency to clustering display a maximum value. When di . he ab | h b .
The effect of the shape of the side islands, i.e., their facet  VWNen discussing the above results we have to bear in

angles, on the wetting parameter of the central island is denﬂqlnd that a positive value of th_e wetting parameter |.mpI|es
onstrated in Fig. 6. The facet angle of the central island id" fact & tendency of the deposit to form 3D clusters instead

60°. The effect is greatest when the side islands have th%f a planar film. In the case of coherent SK growth the non-

steepest walls. The same reswiot shown is obtained when 267 wetting parameter is due to the weaker adhesion of the
X I["alatoms close to the island’s edges. The presence of other is-

the central island has a different shape. The explanation fol* _ . . L
lows the same line as the one given above: islands wit nds, particularly with large angle facgts, in the near vicinity
larger angle side walls exert a greater elastic effect on th _nha.nces thg effept. The transformation of 2D, monolayer-
igh islands into bilayer islands takes place by detachment of
atoms from the edges and their subsequent jumping and
nucleating on the top island’s surfateThis edge effect
hints at the influence of the lattice misfit on the rate of sec-
ond layer nucleation and in turn on the kinetics of the 2D-3D
transformatiorf®?’ The presence of neighbor islands favors
. . the formation of 3D clusters and their further growth. For the
,/ \*.\ self-assembled monodisperse population, the highest ten-
dency to clustering is found.
S 0.1 ‘ . 1 We can regard the flatter islands in our model (11° facet
angle as the “hut” clusters discovered by Met al,?® and
i . the clusters with 60° facet angle as the “dome” clusters. It is
- well known that clusters with steeper side walls relieve the
. . strain more efficiently than flatter clustétga planar film,
the limiting case of the flat islands, does not relieve strain at
all). We see that large-angle facet islands affect more
010 . . ) . . ) ! strongly the growth of the neighbor islands, leading to a
0 5 10 15 20 25 30 35 40 more narrow size distribution.
Nr. of base chain atoms in left island From our results, a self-assembled population of quantum

FIG. 5. Dependence of the wetting parameter of the central isd0tS with the highest density is expected at comparatively
land on the size distribution of the side islands. The islands are %W temperatures such that the critical wetting layer thick-
ML thick and are separated by a distance5; the central one has ness for 3D islanding approaches an integer number of
20 atoms in the base chain. The misfit amounts to 8%. The sum dhonolayers. In InAs/GaAs quantum dots the reported values
the volumes of left and right islands is kept constant and equal t®f the critical thickness are found to vary from 1.2 to 2 ML.
the doubled volume of the central island. At the center, the thred he critical wetting layer thickness is given by an integer
islands have equal volumes. numbern of monolayers plus the product of the 2D island
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density and the critical volumi, in the (h+1)th ML. The  their side wall facets formed by105 planes(inclination

2D island density increases steeply with decreasingingle of about 11°). The size distribution of the islands is

temperaturé? In such a case a dense population of 2D is-quite broad. At 550 °C a population of islands with an areal

lands will overcome simultaneously the critical sike, to  density of the order of 10to 10° cm™? is observed. The

produce bilayer islands. The value bffi, will be slightly  islands have larger ang(@13 facets and their size distribu-

reduced when neighbor islands are present due to the ifipn is much more narrow.

crease ofd -_20 Regions of high adatom concentrations will |3 suymmary, the presence of neighbor islands decreases

favor the highest degree of self-assembly and, due to thg,e \etting of the substratén this case the wetting layeby

larger elastic forces present, are also likely to promote thgne 3p jslands. The wetting decreases with increasing array

spatial ord_erlng of the |_slands, pOSS|ny_ extending to les ensity and facet angle of the neighbor islands. The wetting

dgnse regions an(_j leading to self-organized arrays.llslan rameter displays a maximuimplying a minimal wetting

mg tzhg_s:g'[r)‘tﬁ ;igfg'gaziﬁhaﬁg]%I‘;ro{cet?ggzm?:?*g?('irﬁu% when the array shows a monodisperse size distribution. We
9 expect an optimum self-assembled islanding at low tempera-

possible wetting parameter and, in turn, to islands with large:

. R o tures such that the 2D-3D transformation takes place at the
angle facets and a narrow size distribution. This is in agree;.

ment with the observations of self-assembled Ge quz:mtumh'gheSt possible island density.
dots on Si001).3! At 700 °C a population of islands with a J.E.P. gratefully acknowledges financial support from the
concentration ranging from 1@o 1° cm™? is obtained. The Alexander-von-Humboldt Stiftung and the Spanish MEC

islands have the shape of truncated square pyramids wittGrant No. EX2001 11808094
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