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The formation of coherently strained three-dimensiof@D) islands on top of the wetting layer in the
Stranski-Krastanov mode of growth is considered in a model # 1 dimensions accounting for the anhar-
monicity and nonconvexity of the real interatomic forces. It is shown that coherent 3D islands can be expected
to form in compressed rather than expanded overlayers beyond a critical lattice misfit. In expanded overlayers
the classical Stranski-Krastanov growth is expected to occur because the misfit dislocations can become
energetically favored at smaller island sizes. The thermodynamic reason for coherent 3D islanding is incom-
plete wetting owing to the weaker adhesion of the edge atoms. Monolayer height islands with a critical size
appear as necessary precursors of the 3D islands. This explains the experimentally observed narrow size
distribution of the 3D islands. The 2D-3D transformation takes place by consecutive rearrangements of mono-
to bilayer, bi- to trilayer islands, etc., after the corresponding critical sizes have been exceeded. The rearrange-
ments are initiated by nucleation events, each one needing to overcome a lower energetic barrier than the one
before. The model is in good qualitative agreement with available experimental observations.

I. INTRODUCTION However, it has been found that under certain conditions
coherently straineddislocation-freg¢ 3D islands are formed
The preparation of arrays of defect-free three-dimensionabn top of the wetting layefFig. 1(b)]. These islands are
(3D) nanoscale islands has been a subject of intense researsthained to fit the wetting layer in the middle of their bases
in the last decade owing to possible optoelectronic applicabut are more or less strain-free near their top and side
tions as quantum dots. The latter are promising for fabricawalls *'°Such coherently strained islands are formed at large
tion of lasers and light emitting diodés? Recently, the in- positive misfits when the lattice parameter of the overlayer is
stability of two-dimensional (2D) growth against the larger than that of the substrate and the overlayer is com-
formation of coherently strained 3D islands in highly mis- pressed. It has also been observed that the size distribution of
matched heteroepitaxial systems has been successfully ustid 3D islands is very narrow. The above observations have
to produce quantum dots. This is the well known Stranskibeen reported for the growth of Ge on(B0),>**1~16InAs
Krastanov (SK) growth mode where the decrease of theon GaA$100),'""?? InGaAs on GaAs$;?>™2° and InP on
strain energy in the 3D islands overcompensates the contrin, «Ga, P 2° In all cases the lattice misfit is positive and
bution of the surface energy. very large(4.2, 7.2, and~3.8 % for Ge/Si, InAs/GaAs, and
When the adhesion forces between the substrate and film
materials overcompensate the strain energy stored in the

overlayer owing to the lattice mismatch, a thin pseudomor- / \ / \
phous wetting layer consisting of an integer number of L Ll ALl
monolayers is first formed by a layer-by-layer mode of —— EHling layer  —
growth. This kind of growth cannot continue indefinitely be-

cause of the accumulation of strain energy and the disappear- a

ance of the energetic influence of the substrate after several
atomic diameters. Then, in the thermodynamic limit, un- ,_\ ,_\ ,_\ ,_\ ,—\
strained 3D islands are formed and grow on top of the wet-
ting layer, the lattice misfit being accommodated by misfit

—Wetting layer ———

dislocations (MDs) at the wetting layer—the 3D island b
boundary>® Thus the wetting layer and the 3D islands rep-
resent different phases in the sense of Gibbsparated by FIG. 1. Schematic representation(af classical SK growth, and

an interphase boundary. The energy of the boundary is givefb) coherent SK growth. In the latter case the sidewalls are shown
by the energy of the array of MDs. This is the classicalsteeper to demonstrate the compression exerted by the wetting
Stranski-Krastanov mechanism of grofitfsee Fig. 1a)]. layer. The MDs in(a) are denoted by inverse T's.
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InP/Iny §Ga, P, respectively for semiconductor materials, ~ In the present paper we make use of a more realistic in-
which are characterized by directional and brittle chemicaferatomic potential which is characterized by its anharmonic-
bonds. The only exception to the authors’ knowledge is thaty, in the sense that the repulsive branch is steeper than the
system PbSe/PbTEL]) in which the misfit is negative attractive branch, and by its nonconvexity, which means that
(—5.5%) and the overlayer is expandédowever, the au- it possesses an inflection point beyond which its curvature
thors of Ref. 27 note that, whereas the in-plane lattice pabecomes negative. Recently Tan and Lam have used a Mie
rameter of the PbSe wetting layer is strained to fit the PbTéotential to describe the mode of growth in a kinetic Monte
substrate exactly, the parameter of the 3D islands rapidifarlo proceduré> However, these authors did not study the
decreases, reaching 95% of the bulk PbSe lattice constant effect of misfit sign. Moreover, the distribution of the stress
about 4 monolayers coverageOne could speculate that the in the 3D islands has been studied again within the con-
lattice misfit is accommodated by MDs introduced at thetinuum elasticity theory® Yu and Madhuk&l® computed the
onset of the 3D islanding. energy and the distribution of strain in coherent Ge islands
Whereas the classical SK growth is more or less cleabn Si001) using a molecular dynamics coupled with the
from both thermodynamic and kinetic points of view, the Stillinger-Weber potentiél but did not study the effect of
formation of coherent 3D islands still lacks satisfactory ex-anharmonicity in the general case.
planation. We can consider as a first approximation the for- The use of such a potential allows us to answer the ques-
mation of coherent 3D islands in SK growth Bemoepi- tion of why coherently strained 3D islands appear predomi-
taxial growth on a uniformly strained crystal surface, both nantly in compressed overlayers. Comparing the energies of
film and substrate materials having one and the same bondnono- and multilayer islands allows us to make definite con-
ing. In this case, it is not clear what is the thermodynamicclusions concerning the mechanism of formation and growth
driving force for 3D islanding if the islands are coherently of the 3D islands, and the thermodynamic reason for the
strained to the same degree as the wetting layer. It is also noarrow size distribution. It turns out that there is a critical 2D
clear why coherent 3D islands are observed in compressddiand size above which monolayer islands become unstable
rather than in expanded overlayers. Another question thaigainst bilayer islands. Thus, as has been shown earlier by
should be answered is why the formation of coherent 3DStoyanov and Markof?® Priester and Lanno® and Chen
islands requires a very large value of the positive misfit. Theand Washburr! the monolayer islands appear as necessary
reason for the narrow size distribution is still unclear al-precursors for the formation of 3D islands. Beyond another
though much effort has been made to elucidate theritical size the bilayer islands become unstable against
problem?®?° Finally, the mechanism of formation of coher- trilayer islands, etc. Thus the growth of 3D islands consists
ent 3D islands is still an open question. of consecutive transformations. As a result of each one of
Two major approximations are usually made when dealthem the islands thicken by one monolayer. The critical size
ing theoretically with the formation of coherently strained for the mono-bilayer transformation increases sharply with
3D islands. The first is the use of the linear theory of elas-decrease of the lattice misfit, going asymptotically to infinity
ticity in order to compute the strain contribution to the total at some critical misfit. The monolayer islands are thus al-
energy of the island%192830-44owever, the validity of the ways stable against the multilayer islands below this critical
latter is hard to accept, bearing in mind the high values of thenisfit, which explains the necessity of large misfit in order to
lattice mismatch. As will be shown below, the MDs differ grow coherent 3D islands. The critical misfit in expanded
drastically in compressed and expanded films. Second, it isverlayers is nearly twice as large in absolute value than that
commonly accepted that the interfacial energy between than compressed overlayers, which in turn explains why coher-
wetting layer and the dislocation-free 3D islands is suffi-ent 3D islanding is very rarelyif at all) observed in ex-
ciently small that it can be neglected in the case of coherempanded overlayers.
SK growth. This is equivalent to the assumption that the The edge atoms are more weakly bound than the atoms in
substrate (the wetting layer wets the 3D islands the middle of the islands. This is due to the weaker adhesion
completely?®31-33:35=39n fact this assumption rules out 3D of the edge atoms to the wetting layer. Thus, the 2D-3D
islanding from a thermodynamic point of view as 3D islandstransformation takes place by transport of atoms from the
are only possible at incomplete wetting, or, in other words,edges of the monolayer islands, where they are weakly
when the interfacial energy is greater than Z&t6:** As  bound, on top of their surfaces to form islands on the upper
shown below, the adhesion of the atoms to the wetting layelayer where they are more strongly bouiff This process is
is also distributed along the island in addition to the strainthen repeated in the transformation of bilayer to trilayer is-
distribution and plays a more significant role than the latterlands, etc. The critical size for the 2D-3D transformation to
Due to the lattice misfit the atoms are displaced from theioccur is the thermodynamic reason for the narrow size dis-
equilibrium positions in the bottoms of the potential troughstribution of the 3D islands.
they should occupy at zero misfit. In this way the adhesion of In the case of expanded overlayers the atoms interact with
the atoms to the substrate is stronger in the middle of theach other through the weaker attractive branch of the poten-
islands and weaker at the free edges. The average adhesiti@ and most of the atoms are not displaced from their equi-
of an island of a finite size is thus weaker compared with thatibrium positions. The size effect is very weak, the average
of an infinite monolayer. An interfacial boundary appearsadhesion is sufficiently strong, and the critical sizes for
and the wetting of the island by the substréiiee wetting 2D-3D transformation either do not exist or appear under
layen is incomplete on the average. It is this incompleteextreme conditions of very large absolute value of the misfit.
wetting that drives the formation of dislocation-free 3D is- In any case MDs are introduced before the formation of bi-
lands on the uniformly strained wetting layer. layer islands. Either coherent monolayer islands are energeti-
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1.0+ : tive. This leads to a distortion of the interatomic bonds in the
! \A/v\/ sense that long, weak and short, strong bonds altérhate
(see the upper right-hand corner of Fig, &nd to the appear-
ance of structures consisting of multiple MD®ultikink or
kink-antikink-kink solution$.>’ The latter represent two
0.0

kinks (or solitong connected by a strongly stretched out
bond (the antikinK.

The 3D islands can be represented by linear chains
stacked one upon the other as in the model proposed by
Stoop and van der Merwgand by Ratsch and Zangwitt,
each upper chain being shorter than the lower one. In prin-
ATOM SEPARATION ciple, the Frenkel-Kontorova model is inadequate to describe

a thickening overlayer because of two basic assumptions in-

herent in it. The first one is the rigidity of the substrate.

Assuming that the substrate remains rigid upon formation of

3D islands on top of it rules out interaction between the

islands through the elastic fields around them. It is believed
cec}hat this assumption is valid for very thin deposits not ex-
S eeding one or two monolayers. The second one is connected
with the relaxation effects. When a new monolayer island is
formed on top of the previous one the latter should relax and
the strains in the island will redistribute. One can expect that
the formation, say, of a second monolayer will make the

We consider a model in # 1 dimensiongsubstrate+  Ponds between the first monolayer atoms effectively stiffer.
height which we treat as @ross sectiorof the real 2+ 1 As will be discussed below this will lead to weaker adher-
case. An implicit assumption is that in the reat21 case the ~€nce of the atoms in the first monolayer to the wetting layer.
monolayer islands have a compact rather than a fractal sha}4Ds could also be introduced to relieve the strain. Never-
and the lattice misfit is one and the same in both orthogondheless, the Frenkel-Kontorova model can provide excellent
directions. Although the model is qualitative it gives cor- qualitative generalization in two —dimensions both
rectly all the essential properties of the reat21 system as horizontally’®~*!and vertically® According to the authors of
shown by Snyman and van der Merfi#e>*In this model the ~ Ref. 60 ann-layer island can be mimicked by assuming that
monolayer island is represented by a finite discrete Frenkefhe force constant of the interatomic bondsiismes greater
Kontorova linear chain of atoms subject to an external perithan that of a monolayer island. Thus a bilayer island under
odic potential exerted by a rigid substréFég. 4 below.52->*  compression could be simulated by doubling the value of the
We consider as a substrate a uniformly strained wetting€Pulsive constank. This approach obviously gives the up-
layer of the same material consisting of an integer number oPer bound of the effect of the next layers on the redistribu-
mono|ayers In other WordS, we consider the SK growth in tion of the strain in the lower Iayers. An ImpIICIt Shortcoming
two Separate Stages_ The first Stage is a Frank—van d@'rf this method is that it assumes the same number of bonds
Merwe (layer-by-layey growth during which the wetting (and correspondingly atomsn the upper chains and thus
|ayer is formed. The second Stage is a Volmer-Weber growtﬁoes not allow calculations of clusters with different SIOpeS
of 3D islands on top of the wetting layer. In this paper we©f the sidewalls.
restrict ourselves to consideration of the second stage, as- Another approach to the problem has been proposed by
suming the wetting layer is already built up. The energetidRatsch and Zangwift! They accepted that each layehain
influence of the initial substrate is already lost and the bondPresents a rigid sinusoidal potential to the chain of atoms on
ing between the atoms in the 3D islands is the same as that &P Of it. The atom, or, more precisely, the potential trough
the atoms of the first atomic plane of the 3D islands to theseparation of the lower chain is taken as the average of all
atoms belonging to the uppermost plane of the wetting laye@tom separations. As the strains of the bonds that are closer

The atoms of the chain are connected with bonds thalo the free ends are smaller, the average atom sepaitgfion
obey the generalized Morse potertiaP’ in the nth chain is closer to the unperturbed atom spading

and the lattice misfitf,,,,=(b—b,)/b,, for computing the
Cx-b) energy of the (i+1)st chain is smaller in absolute value
€ (D) than the misfit =(b—a)/a, which is valid only for the base
chain that is formed on the wetting layer, the latter having an
shown in Fig. 2 whergu and v (u>v) are constants that atom separation. In such a way the lattice misfit and in turn
govern the repulsive and the attractive branches, respeeise bond strains gradually decrease with the island height.
tively, andb is the equilibrium atom separation. Far=2v  Every upper chain is taken to be shorter than the lower one
the potential(1) turns into the familiar Morse potential. In by an arbitrary number of atoms and is centered on top of it
the case of homoepitaxy the bond strenyfthis related to  as shown schematically in Fig. 3. Moreover, every upper-
the energy barrier for desorption. most chain is taken frozefrelaxation of the lower chain
The potential(1) possesses an inflection poir{,;=b  upon formation of the next one is ruled puaind serves as a
+In(u/v)/(w—v) beyond which its curvature becomes nega-template for the formation of the next one. Thus, the forma-

INTERATOMIC POTENTIAL

-1.0

FIG. 2. The pairwise potential of EqLl) with u=12, v=4, and
Vy=1. The dashed vertical line through the inflection peinsepa-
rates the regions of distortiorkx;) and undistortion X<<x;) of
the chemical bonds shown in the upper part of the figure.

cally stable against multilayer islands or MDs are introdu
before the 2D-3D transformation. As a result the classical
growth is expected in expanded overlayers.

Il. MODEL

e uix—b)_ _H

V(X)=Vo| — -
m—v m—v
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sum corresponds to a minimum of the surféedge energy

a m of the cluster. Therefore, as a measure of stability, we adopt
the potential energy per atom of the clusters, which is, in
fact, equal to the above sum taken with a negative sign.

The potential energy of a chain of théh layer consisting
b of N,, atoms reads

N,—1 N,

a En= 2, V(Xisa=Xi=b)+ 2, @, )
¢ where

FIG. 3. Schematic view of multilayer islands with different W X
slopes of the sidewallga) 60°, (b) 30°, and(c) 19.1°. O=— 1—C05< o i H 3
2 bn-1
tion of each next chain does not exert any influence on th%ccounts for the adhesion of thia atom.X. are the coordi-
distribution of strain in the previous chains, and this ap nates of the atoms taken from an arbitrary origin. The differ-
proach represents the lower bound of the effect of the nexénceAX =X, ..~ X; is in fact the distance between the (
i= X1 A

IayIenr.the resent paper we will use the approach of RatscﬁLl)St andith atoms. The first sum in Eq2) gives the
and Zan F\)/viII34 Thg rI?\ain reason is that itF;FI)Iows a gradual <19y of the bond strains. The second sum gives the energy

GWIT S . ) 9 ..of the atoms in the periodic potential field created by the
attenuation of the strain with the island height, and also d'f'lower chain. wheraVis its amplitude and is the aver-
ferent angles of the sidewalls. We believe that although ! P n-1

rather crude this approach gives correctly the essential phyé”\-ge potential trough separation of the underlying layer. In

ics with one exception. It does not account for the decreas%eneralWShOUId be a function of the atom separation of the

of the average adhesion of the base chain to the wetting Iayéjrr.'derlylng layer and thus should dependrorbut for sim-

upon thickening of the islands. An approximate evaluation oip“City_ Wﬁ lnegle(it ]Ehishdependeﬂcg. Aﬁ ment:pned above

the latter effect can be obtained by using the upper boun@”*l_a. olds only or the base chain. T. € amp |tud/a:an.

approach. It should be emphasized that both approachese coggdered n c:ur ngel ?)S tgehbarr;re];’;_qr sulrf?cgtdﬁfu-

showqualitatively identicakesults. We might expect that the tsr:on. bnta ?ez;res -r_lte:Jg dort on th){)po I related 1o

results of more accurate calculations including the strain re- € substrate-deposit bond strength by

laxation will not differ qualitatively by those presented be- W=gV, @)

low. Preliminary studies with an energy minimization pro- '

gram allowing strain relaxation always produced dislocatedvhereg<<1 is a constant of proportionality varying approxi-

expanded and coherent compressed islands in agreemenately from 1/30 for long-range van der Waals forces to 1/3

with the results shown below. Note that owing to the ap-for short-range covalent bonds.

proximations of the modéll + 1 dimensions and the lack of The average of the second sum in Ef) for the base

relaxation the figures obtained as a result of the calculationsghain divided byV,,

e.g., 3.25% for the critical misfit for 3D islanding, should not

be taken as meaningful. Finally, we have to mention that the 1

numerical solution of the system of governing equati@)s ¢= N; Vo ;1 @, ()

requires no more than a second on a 100 MHz PC even when

the number of equation@toms in the chainis about 100.  has the same physical meaning as the adhesion parameter
In discussing the stability of mono- and multilayer islands

we follow the approach developed by Stoyanov and P o+ Ui_Us_l_ ﬁ ®)

Markov* We start from the classical concept of the mini- - 20 - 20

mum of the surface energy at a fixed volume. Following ) . )

Stransk®! the surface energ(N) is defined as the differ- that accounts for the mcomplete wetting of thg 3D islands by

ence between the potential energy of a cluster consisting ¢fi€ substrate in heteroepitaxy (o, andos being the spe-

N atoms and the potential energy of the same number gtific surface energies of the overlayer, the interface, and the
atoms in the bulk crystal substrate, respectively, anél being the specific adhesion

energy.® In the case of classical SK growth the adhesion

N parameter is given b = €4/20 wheree, is the energy of a
F(N)=N¢,— > oi, net of MDs®3 We have the case of complete wetting when
i=1 ®=<0. The formation of 3D islands can obviously take place

o . : : only when 0<® <18
which is valid for clusters with arbitrary shape and size. Here Minimization of E,, with respect toX; results in a set of

¢\ is the work necessary to detach one atom from a kink . ) ) .
position (or the energy of an atom in the bulk of the crystal governing equations for the atom coordinates in the form
and the sum gives the work required to disintegrate the clus-  o—pe 1 g-veii1_ g e o it Asin(2mé) =0, (7)
ter into single atoms. Since the tei, does not depend on ! ’

the cluster shape the stability of mono- and multilayer is-wheree;=b,,_1(&— & _1—f,) is the strain of theéth bond,
lands is determined by the above sum. The maximum of thg;=X;/b,,_ is the displacement of thi¢h atom with respect

Ny
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FIG. 4. lllustration of the solutions of the one-dimensional
model of Frank and van der Merwéa) a chain without a misfit ()
dislocation, (b) a misfit dislocation in a compressed chafn) a
misfit dislocation in an expanded chain. With increasing chain
length in(a) the end atoms are more displaced from the bottoms of
the potential troughs and approach the crests between them.

0 20 40 60
Bond number

to the bottom of theith potential trough,f, is the misfit
between thenth chain and the substrate potential exerted by
the (h—1)st chain, and\=7W(u—v)/ uvb,_1V,. The lat-
tice misfit has its largest value= (b—a)/a only for the base
chain in multilayer islands, and goes to zero with increasing
island thickness. Expanding the exponentials in Taylor series
for small strains gives the set of equations that govern the
discrete harmonic modét:>* Solving the system of equa-
tions (7) numerically gives the atom displacemesisand all
the parameters characterizing the system can be easily com-
puted.

The properties of the solutions of the systém are of (b)
crucial importance for understanding coherent SK growth.
Two forces act on each atom: first is the force exerted by the FIG. 5. Distribution(a) of the straine;=¢;,,— &—f in mono-
neighboring atoms, and second is the force exerted by thiayer height compressedf+£0.07) and expandedf& —0.07)
substrate(the underlying chain or the wetting layerThe  chains, andb) of the corresponding bond energy in units\o§.
first force tends to preserve the natural spatimgtween the W/V=1/3,u=12,v=6.
atoms, whereas the second force tends to place all the atoms
at the bottoms of the corresponding potential troughs of th&tersVo, W, u, v, f, and becomes very narrow. Dislocated so-
substrate Separa‘[ed at a d|sta|hx;leé b. As a result of the lutions in Compressed chains exist Only in SUfﬁCiently |0ng
competition between the two forces the bond strains and thehains®~>" beyond some critical chain length. As will be
atom adhesion are distributed along the chain. The undislcshown below, this leads to coherent SK growth in com-
cated solutior{Fig. 4(@)] clearly shows the decrease of the pressed overlayers. On the contrary, the bonds in the cores of
atom adhesion at the ends of the chain as the atoms are mdhe¢ MDs in expanded chains are compressed and cannot
and more displaced toward the chain ends. In the case &feak. As a result MDs become energetically favored and
positive misfit the dislocation represents an empty potentia¢an be introduced in very short chains. Thus, classical SK
trough, the bond in the core of the dislocation being strongly@rowth should be expected in expanded overlayers as dislo-
stretched oufFig. 4(b)]. This picture is equivalent to a crys- cated islands with a monolayer height can become energeti-
tal plane in excess in the substrate. In the opposite case 6flly favored long before coherently strained multilayer is-
negative misfifFig. 4(c)] the dislocation represents two at- lands.
oms in one trouglta crystal plane in excess in the overlgyer
the bond in the dislocation core being compressed. Both con- Ill. RESULTS
figurations are energetically equivalent in the harmonic ap-
proximation where the force between the atoms increases
linearly with the atom separation. This is not, however, the The distribution of the bond strains along the chains is
case when an anharmonic potential is adopted. The latteshown in Fig. %a). As expected the bonds in the middle of
displays a maximum force between the atomsatXys . the chains are strained to fit exactly the uniformly strained
This is the theoretical tensile stress of the matedal,s  Wwetting layer. The strains at the chain ends tend to zero. In
=Vou(v/w)**#=*) and if the actual force exerted on the fact, the strains of the hypothetical zeroth aNth bonds
corresponding bond is greater thane,s the bond will —should be exactly equal to zetd>* The strains in the middle
break®~>"%4Thus the interval of existence of dislocated so-of the expanded chain compared with those of compressed
lutions in compressed chains depends on the material paramnes are much closer to f, owing to the weaker attraction

'1 .O L I L I L} I
0 20 40 60
Bond number

A. Monolayer islands



PRB 61 COHERENT STRANSKI-KRASTANOV GROWTH IN #1... 16 895

-1.75 ~-2.76 —
>o
4 5 4
-1.80 — £ -2.80
= £
5 £
€ -1.85 — = -2.84
) £
c - o | f=0.07
=} 1 ®
w =
g -1.90 - 0 -2.88 —
: 5
-1.95 - 2
Q
1\2 g
o
-2.00 . , . T . | =
0 20 40 60 0 4 8 12 16 20
Atom number Atom number
FIG. 6. Distribution of the adhesion enerdy /Vy—1 in mono- FIG. 8. Distribution of the total energistrain plus adhesignn
layer height compressedurve 1 and expandedcurve 2 chains.  units of V, in monolayer height compressed=0.07) and ex-
WIVy=1/3,u=12,v=6. panded {= —0.07) chainsW/V,=1/3,u=12,v=6.

between the atoms of the chain. Figurg)5shows the dis- the interplay between the fraction of the most strongly dis-
tribution of the bond energy. It is seen that in the case oplaced end atoms and the values of the particular displace-
compressed chaing ¢0) the bond energy in the middle of ments. In short chains the atoms are weakly displaced from
the chain is smaller than that in expanded chains owing téthe bottoms of the potential troughs and the adhesion is
the stronger atom repulsion. stronger. With increasing chain length the displacements of
The distribution of the adhesion of the separate atdms the end atoms increase and beyond some length saturate and
[Eq. (3)] [taken in terms of the bond energy, as @; do not increase anymore. The fraction of weakly displaced
—V,)/Vy] is demonstrated in Fig. 6. The weaker adhesion amiddle atoms increases and a maximum is displayed. The
the chain ends, which is often overlooked in theoretical modvalue of the maximuninot shown decreases sharply with
els, is due to the displacement of the atoms from the bottomdecreasing misfit, going asymptotically to zero at zero misfit.
of the potential troughpsee Fig. 4a)]. What is more impor-  This means tha®>0 at any value of nonzero misfit, which
tant is that the atoms in the expanded chains adhere mudb the thermodynamic reason for 3D islanding.
more strongly to the wetting layer compared with the atoms Figure 8 shows the distribution of the total enekgjrain
in the compressed chains. plus adhesionin chains with positive and negative misfit.
Figure 7 shows the dependence of the mean adhesion pahe maxima in the middle are due to the strain contribution
rameter® [Eq. (5)] on the number of atoms. As can be whereas the increase of the energy at the ends is due to the
expected the atom adhesion in expanded overlayers is stromeaker adhesion. It is first seen that the atoms in the ex-
ger than that in compressed ones, owing to the weaker apanded chain are considerably more strongly bound to each
traction between the atoms in the former. The forces exertedther and to the substrate. The main difference between the
from the substrate are stronger than the forces between th@o curves is that the atoms at the free ends in compressed
chain atoms and the latter are situated more deeply in thehains are much more weakly bound than the end atoms in
potential troughs. The curves display maxima that are due texpanded chains. This result is of crucial importance for our
understanding of the mechanism of transformation of mono-
0.08 — to multilayer (3D) islands. We conclude from Fig. 8 that
compressed islands display a greater tendency to transform
into bilayer islands and further to form coherent 3D islands
in comparison with expanded islands.

o

o

&
|

B. Multilayer islands

Multilayer (3D) islands can be full or frustums of pyra-
mids and can have sidewalls with different slopes. The effect
of the sidewall slope on the minimum energy shape is more
or less clear. More unsaturated dangling bonds normal to the
film plane appear on sidewalls with smaller slope and the
corresponding surface energy is greater. Obviously, the sur-
face energy of the steepest walls with a slope of 60° is the
lowest one. One might expect that the islands bounded with
the steepest walls will be more stable than the flatter islands.

FIG. 7. The mean adhesion paramederas a function of the The problem of whether the pyramids are full or frustums is
number of atoms in the chains for positive<{0.07) and negative more difficult to resolve. First, with increasing pyramid
(f=-0.07) values of the misfitwW/Vy=1/3,u=12,v=6. height the lattice misfit decreases and the mean strain van-
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-2.80 - sidewallst! whereas Voigtlader and Zinner observed frus-
tums of tetrahedral Ge pyramids on(Blil) with aspect

. (height-to-basgratio showing a maximum of about 0.135 at
a coverage of 4 monolayetMLs).'® All the above is valid
-2.84 for sufficiently large crystals. We are interested here in the
initial stages of growth of 3D islands, or, more precisely, in
the transformation of monolayer into multilayer islands. As
shown in the next sections, the formation and growth of 3D
-2.88 60 islands proceeds by consecutive transformations of mono-
layer islands into bilayer and then into multilayer islands,
i which is the lowest energy path of the 2D-3D transforma-

30

Energy per atom

tion.
2.2 . . : . . It should be stressed that the adhesion paramitef a
0 "1 :3 1'2 1'6 2'0 monolayer island should differ significantly from that of a
Island's height (in number of MLs) multilayer island with the same base chain length. In our

. . model they are equal. The reason is that the model does not
FIG. 9. Energy per atom of pyramidal 3D islands in units/gf  allow the relaxation of the lower chains after formation of
with different slopes of the sidewalls denoted by the figures at eacihhew ones on top of them. This is obviously incorrect as the
curve, as a function of their thickness in number of monolayersiormation of a second chain on top of the base one leads to
The number of atomsi, =19 in the base chain is one and the sameeffectively stronger lateral bonds in the bilayer islafitigve
for all curves. The frustum of a pyramid with a slope of 60° of the \yjj| try to evaluate this problem qualitatively and to discuss
sidewalls and height of 9 monolayers represents the equilibriungg consequences. As mentioned above the bilayer island
shapeW/Vo=1/3,u=12,v=6. could be treated as a first approximation as a monolayer is-

ishes. This in turn leads to increase of the adhesion of thE‘nd with a doubled force constafftAs a result both the

separate atoms, and, as a whole, to an increase of the bo action of the strongly displaced end atoms and the corre-

energy closer to the apex of the pyramids. On the other han&,porlding displacements will be larger. Then the adhesion

the layers that are closer to the apex are smaller in size arfprameter .Of a b||§yer island will _be greater thaq that of.a
the size effect increases. This leads to smaller work 0fnonolayer island with the same width. An evaluation of this

evaporation per atom of the whole uppermost atomic planee.ffeCt can be made by using the approach of van der Merwe

As has been known for a long time, the work required to®t al. mentioned _abov@? by doubling of-the constant .in
disintegrate a whole atomic plane into single atoftise compressed chains. Thus for mono-, bi-, and trilayer islands

mean separation workaken with a negative sign is equal to With #=12, 24, and 36, one obtaink=0.024, 0.066, and
its chemical potential at the absolute z&t§°Hence, adding 0:1; respectively ¢=6,f=0.05N=21). As seen the effect.
to the pyramid smaller and smaller upper base atomic plané%f the third layer is weaker than that of the second, which is
leads to a decrease of the mean separation work of the uppgfSY (© understand. The effect of formation of the next
base and in turn to higher chemical potential. As a result w&nonolayers will have a smaller effect on the adhesion of the
might expect that frustums of pyramids with a slope of 600IS|aﬂd and after some thickness the adhesion pgrameter will
of the sidewalls will be energetically favored. This is clearly "0t change anymore. Thus the base layer atoms in a coherent
seen in Fig. 9, which demonstrates the energy per atom ultilayer island are more weakly bound to the wetting
pyramids with different sidewall slopes as a function of the/@Yer- What follows is that once formed the bilayer islands
height taken as the number of monolayers. The curves digt@pilize further growth of coherent 3D islands.
play minima at a certain height which clearly show that the
frustums of pyramids are the lowest energy configurations.
The energy of the full pyramids is much higher. The mini-
mum of the 60° sidewall slope is the lowest one, thus con- We compare further the energies of mono- and multilayer
firming the above consideration. The steepest sidewall slopislands with different thicknesses. The latter are bounded
of 60° is a natural consequence of the model, which considwith 60° sidewalls as they have the lowest minimum energy
ers a face centered cubic rather than a diamond lattice. It i8s shown above. Figure ) shows the dependence of the
worth noting that Ratsch and Zangwill also report that theenergy of compressed monolayer and multilayer islands on
steepest sidewalls are energetically favoted. the total number of atoms at a comparatively small lattice
The above result does not mean that in real experiment®uisfit of 3%. As seen, the monolayer islands are always
coherent 3D islands will grow as frustums of pyramids. Thestable against bilayer and trilayer islands. A 2D-3D transfor-
lowest minimum in Fig. 9 represents in fact the equilibrium mation is thus not expected and the film should continue to
shape of the islands. In reality, the crystallites grow with agrow in a layer-by-layer mode coupled with the introduction
shape that is determined by the rates of growth of the differof MDs at a later stage. The same dependence but at a larger
ent walls and thus depends on the supersaturfiathe  misfit of 5% is demonstrated in Fig. ). The monolayer
growing crystal is bounded by the walls with the lowestislands become unstable against the bilayer islands beyond a
growth rate at the given supersaturation. Bloal. have es-  critical island sizeN,,, the bilayer islands in turn become
tablished with the help of scanning tunneling microscopyunstable against the trilayer islands beyond a second critical
(STM) that small coherently strained Ge islandbut” is- numberN,3, etc. The curve denoted by MD represents the
land9 grow on S{001) as full pyramids bounded wit(1.05) energy of a monolayer chain containing one MD. The latter

C. Stability of mono- and multilayer islands
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275 FIG. 11. The dependence of the energy per atom on the total
b number of atoms in units o¥, in expanded coherently strained
2.8 islands with different thickness in monolayers denoted by the fig-
£ i ures at each curve, and at large negative value of the nfisfit
S =—0.1. The curve denoted by MD represents the energy of a
T -2.8 monolayer chain containing one misfit dislocatioi/Vy,=1/3,u
Q — —
o - =12, v=6.
P
D294
::: | but in expanded chains. The absolute value of the negative
- misfit is very large  10%). At absolute values of the misfit
=7 smaller than 5.5%not shown the behavior of the energies is
1 the same as in Fig. 18). The energies of the coherent mono-
3.0 and multilayer chains cross each other again at some critical
o) 0 20 40 60 80 100 number of atoms but the dislocated monolayer cHhalie-

Total number of atoms

FIG. 10. The dependence of the energy per atom on the tot

number of atoms in compressed coherently strained islands wit
different thicknesses in monolayers denoted by the figures at each

curve: (@) f=0.03,(b) f=0.05. The curve denoted by MD ifi)

represents the energy of a monolayer chain containing one mlsf|

dislocation. The numbemy,, Ny3, etc. give the limits of stability
of monolayer, bilayer islands, respectivelW/V,=1/3,u=12,
v==06.

noted by MD becomes energetically favored noticeably be-
fore the coherent bilayer chain becomes stable. Classical SK
rowth should take place in expanded overlayers.

Figure 12 shows the misfit dependence of the first critical
size N4, for both positive and negative misfits. As seen, it
pcreases sharply with decreasing misfit, going asymptoti-
cally to infinity at some critical misfits denoted by the verti-
cal dashed lines. The existence of a critical positive misfit for
coherent SK growth to occur explains why high mismatch

epitaxy is required in order to grow coherent 3D islands. The

begins at a large number of atombl£52) because the critical misfit below which the expanded monolayer islands
bonds in the cores of the MDs break up for shorter chains.
This is due to the fact that the force exerted on these bonds
from the neighboring atoms is greater than the theoretical
tensile stress of the film material.,,s, as mentioned above.
Curve 1, which represents the energy of the undislocated
monolayer chain, is computed for clarity up to a number of
atoms smaller than the numb@&2) at which the solutions of
the dislocated chain appear. The reason is that the values of
the energy are very close and the curves are undistinguish-
able to the eye. The energies of monolayer chains with and
without MDs cross each other at abduit=300 (not shown
which means that coherent 3D islands are formed long be-
fore the introduction of MDs. Moreover, the dislocated chain
with a monolayer height has an energy much higher than the
energies of the undislocated multilayer islands. This clearly
shows that the film “prefers” to grow as coherent 3D islands
in which the gradual decrease of the strain energy overcom-
pensates the surface energy, rather than to introduce MDs in FIG. 12. Misfit dependence of the critical sikg,. The vertical
the first monolayer. dashed lines denote the critical misfits below whit)y is infinite.

Figure 11 demonstrates the same dependence as in Fig. TAe curves are shown in one quadrant for easier comparison.

200 —

80 —

Critical size N,,
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is observed can be considered as the critical nucleus of the
second layer. As shown in Ref. 48, the mono-bilayer trans-
formation is a real nucleation process when the 2 het-

2.3 eroepitaxial Volmer-Weber model is considered, in other
words, when the 3D islands are formed directly on top of the
foreign substrate without the formation of an intermediate
wetting layer. The chemical potential of the upper island at
the maximum is exactly equal to that of the initial monolayer
island, and the supersaturation with which the nucleus of the
second layer is in equilibrium is equal to the difference of the
energies of desorption of the atoms from the same and the
foreign substrate. This is, namely, the driving force for the
2D-3D transformation to occur. The+ 1 model is in fact

one dimensional and the nuclei do not exist in the thermo-
dynamic sense because the length of a row of atoms does not
depend on the supersaturatif?’ However, considering our

1 + 1 model as a cross section of the real 2 case, we can
treat the curve 1-2 in Fig. 13 as the size dependence of the
free energy for nucleus formation and growth. We would
like to emphasize that in the 2 1 case the nucleus does not
necessarily consist of one atom. Its size should depend on the

i i , ) i lattice misfit, and in a real situation on the temperature. The
are always stable against multilayer islands is nearly twice as;,nes denoted by 2-3 and 3-4 in Fig. 13 represent the en-

large in absolute value compared with the same quantity iRq changes of bilayer to trilayer islands, and of trilayer to
compressed overlayers. Thus coherent SK growth in X javer islands, respectively. As seen, they behave in the
panded overlayers could be _obser_ve_d at unrealistically largg; me way and the work for nucleus formatiohe respective
absolute values of the negative misfit. . maxima decreases with thickening of the islands. This
We conclude that classical SK growth or 2D growth Will yeans that the mono-bilayer transformation is the rate deter-

be observed in the thermodynamic limit at small positivemining process for the total mono-multilay€D-3D) trans-
misfits and coherent SK growth at misfits greater than a CritiTormation.

cal misfit. This result clearly explains why large positive
misfit is required for coherent SK growth to occur. The large
positive misfit leads to large atom displacements and in turn
to weaker adhesion. The physics is essentially the same as in .
the case of heteroepitaxial growth of 3D islands directly on The Stranski-Krastanov growth mode appears as a result

top of the surface of the foreign substratéolmer-Weber Of the interplay of the film-substrate bonding, strain, and
growth).*® surface energies. A wetting layer is first formed on top of

which 3D islands nucleate and grow. The 3D islands and the
wetting layer represent necessarily different phases. If this
was not the case the growth would continue by 2D layers.
It is natural to assume that once the monolayer islandshus we can consider as a useful approximation the 3D is-
become unstable against the bilayer islanbls>(N15), the  |anding on top of a uniformly strained wetting layer to be
former should rearrange themselves into bilayer islands. Ayolmer-Weber growth. That requires the adhesion of the at-
shown below the mono-bilayer transformation can be considoms to the substrate to be smaller than the cohesion between
ered as the first step for building sufficiently high 3D crys-the overlayer atoms. In other words, the wetting of the sub-
tallites. The mechanism of the mono-bilayer transformatiorstrate by the overlayer should be incomplete. In classical SK
is easy to predict, having in mind that the edge atoms argrowth this condition is fulfilled because of the formation of
more weakly bound than the atoms in the middle. The edgen array of misfit dislocations at the boundary between the
atoms can detach and diffuse on top of the monolayer isislands and the wetting layer. The atoms are displaced from
lands, giving rise to clusters in the second layer. We considethe bottoms of the potential troughsiostly in the cores of
first in more detail the transformation of a monolayer islandthe MDs, see Figs.(®) and 4c)] and thus are more weakly
(chain with a lengthNy> N, into a bilayer island. For this  bound on average to the underlying wetting layer, irrespec-
aim we plot the energf(n) of an incomplete bilayer island tive of the fact that the chemical bonding is one and the
which consists ofNy—n atoms in the lower layer and  same. As a result the lattice misfit gives rise to an effective
atoms in the upper layer referred to the eneEyyof the  adhesion that is weaker than the cohesion of the overlayer
initial chain consisting ofN, atoms, as a function of the atoms. In contrast to the wetting layer, the 3D islands are
number of atoms in the upper layer. This is the curve elastically relaxed and their atom density differs from that of
denoted by 1-2 in Fig. 13. As seen, it displays a maximum athe former. Thus, the wetting layer and the 3D islands really
n=1 after whichAE,=E(n) — Ey decreases up to the com- represent different phases separated by a clear interfacial
plete mono-bilayer transformation, at whiok= (Ng—1)/2. boundary, whose energy is in fact the energy of the array of
Curve 1-2 in Fig. 13 has the characteristic behavior of avMDs. The physical reason for 3D islanding in coherent SK
nucleation process. The cluster at which the maximumBf  growth is essentially the same. In this case the atoms near the
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Energy of 2D - 3D transformation
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FIG. 13. The energy changeE,, in units of Vy connected with
the transformation of mono- to bilayer islanturve 1-3, bi- to
trilayer islandqcurve 2-3, and tri- to four-layer island&urve 3-4,
as a function of the number of atomsin the uppermost chair.
=0.05W/Vy=1/3,u=12,v=6.

IV. DISCUSSION

D. Mechanism of 2D-3D transformation
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island edges are displaced from the bottoms of the corremore weakly to the wetting layer compared with the edge
sponding potential troughisee Fig. 4a)] and they adhere atoms in expanded islands. This results in an easier transfor-
more weakly to the wetting layer compared with the atoms irmation of mono- to bilayer islands, which is the first step to
the middle. The thicker the islands the stronger is this tenthe complete 2D-3D transformation. The latter includes also
dency. Thus, the average adhesion of the 3D islands to thenetics in the sense that the edge atoms have to detach and
wetting layer is again weaker than the cohesion in the island®rm the upper layers. However, it is not the strain at the
themselves. Thus we can treat the coherent SK growth asdgeswhich is nearly zerpthat is responsible for the easier
Volmer-Weber growth on top of the wetting layer. The maindetachment of the edge atoms as suggested by Kandel and
difference is that in Volmer-Weber growth the adhesion paKaxira® but the weaker adhesion. The 2D-3D transforma-
rameter® is constant whereas in the coherent SK mode ittion is hindered in expanded islands as the edge atoms ad-
depends on the island thickness. here more strongly to the wetting layer. On the other hand,
The weaker adhesion means in fact an incomplete wetthe existence of such critical sizes, which determine the in-
ting, which appears as the thermodynamic driving force fortervals of stability of islands with different thicknesses, could
3D islanding. The smaller the misfit the smaller are the disbe considered as the thermodynamic reason for the narrow
placements of the edge atoms and in turn the stronger is thgize distribution of 3D islands which is observed in experi-
average wetting. The latter leads to the appearance of a critiments. This does not mean that this is the only reason. Elas-
cal misfit below which the edge effects do not play a signifi-tic interactions between islands and growth kinetics can have
cant role. The average wetting is very strong and the formagreater effects than thermodynamics. The 2D-3D transforma-
tion of coherent 3D islands becomes thermodynamicallytion takes place by consecutive nucleation events, each one
unfavored. The film will continue to grow in a 2D mode until needing to overcome a lower energetic barrier than the one
the strain is relaxed by introduction of MDs or dislocated 3Dbefore. Thus, the mono-bilayer transformation appears as the
islands at a later stage. The existence of a critical misfit forate determining process.
the 2D-3D transformation to occur both in compressed and Let us consider all the above from another point of view.
expanded overlayers has been noticed in several studieFhe results displayed in Fig. 1) show that the equilibrium
Pinczolitset al?” have found that deposition of PbSgTe,  shape aspect ratio increases gradually with the island vol-
on PbT€111) remains purely two dimensional when the mis- ume. The consecutive stability of islands with increasing
fit is less than 1.6% in absolute val@8e content<30%). thickness reflects the simple fact that the increase of the
Leonard et al® have successfully grown quantum dots of pyramid height is discretélayer after layer whereas the
In,Ga, _,As on GaA$001) with x=0.5 (f~3.6%) but 60 A  base chain length remains nearly constant. The stronger the
thick 2D quantum wells ak=0.17 (f~1.2%). A critical adhesion or the smaller the misfit the wider will be the inter-
misfit of 1.4% has been found by X&t al. upon deposition vals of stability of islands with a fixed height, and vice versa.
of SiysGey 5 films on relaxed buffer layers of $be, _, with  The formation of every new crystal plane on the upper crys-
varying compositior?® tal face requires the appearance of a 2D nucleus. As the
The average adhesidithe wetting depends strongly on growing surface is usually very small, the formation of one
the anharmonicity of the interatomic forces. Expanded isnucleus is sufficient for the growth of a new crystal plane.
lands adhere more strongly to the wetting layer and the critiThus we could expect a mononucleus layer-by-layer growth
cal misfit beyond which coherent 3D islanding is possible isof the pyramid$*®° This has been independently established
much greater in absolute value compared with that in comby using a kinetic Monte Carlo method by Khor and Das
pressed overlayers. As a result coherent SK growth in exSarma’’ It should be noted that Duport, Priester, and Villain
panded films could be expected at véayrealistically large  established that the monolayer islands are thermodynami-
absolute values of the negative misfit. The latter, howevercally favored up to a critical size, beyond which the equilib-
depends on the material parametéisgree of anharmonic- rium shape becomes nearly a full pyramidThe transition
ity, strength of the chemical bonds, e¢tof the particular from a monolayer island to a pyramid is of first order and
system and cannot be completely ruled out. il stud-  requires the overcoming of an activation barrier which is
ied the deposition of §iGe, s films in the whole range of proportional tof 4.
2% tensile misfit to 2% compressive misfit on relaxed buffer It should be stressed that our definition of the critical 2D
layers of SjGe,_, starting fromx=0 (pure Ge to x=1 island sizeN,, for 2D-3D transformation to begin differs
(pure S), and found that 3D islands are formed only underfrom that in the papers of Priester and Lanffoand Chen
compressive misfit larger than 1.4%. Films under tensileand Washburd! The former authors define the critical size
strain were thus stable against 3D islanding, in excellenby comparing the energy per atom of monolayer islands with
agreement with the predictions of our model. that of fully built 3D pyramids. Chen and Washburn have
The weaker average adhesion in compressed overlayeascepted as critical the size at which the energy of the mono-
leads to another effect at misfits greater than the critical ondayer islands displays a minimu?h They found also that the
At some critical number of atom;, the monolayer islands critical size N, determined by the minimum of the energy
become unstable against bilayer islands. The latter become increases very steeply with decreasing migfit¢f ~°). Al-
turn unstable against trilayer islands beyond another criticadhough our definition of\, is different we also observe a
numberN,3, and so on. As a result, the complete 2D-3D very steep misfit dependen¢see Fig. 12
transformation should take place during growth by consecu- A rearrangement of monolayer heigf&D) islands into
tive transformations of mono- to bilayer, bi- to trilayer is- multilayer (3D) islands has been reported by Moisenal1°
lands, etc. Owing to the stronger interatomic repulsive forcesvho established that InAs 3D islands begin to form on GaAs
the edge atoms in the compressed monolayer islands adheaea coverage of about 1.75 ML but then the coverage sud-
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denly decreases to 1.2 ML. This decrease of the coverage Btrain relaxation of lower layers when new layers are formed
the second monolayer could be interpreted as a rearrangen top of them could lead to earlier introduction of MDs but
ment of an amount of nearly half a monolayer into 3D is-also to weaker adhesion of the 3D islands to the wetting
lands. The same phenomenon has been noticed by Shklyadayer. Thus, applying a more refined approach, which ac-
Shibata, and Ichikawa in the case of GéIsi).”* Voigt- counts for the strain relaxation in the islands, as well as in
lander and Zinner noted that Ge 3D islands in G@/8l)  the wetting layer, will allow us to study the transition from
epitaxy have been observed at the same locations where 2Be coherent to the classic@lislocated Stranski-Krastanov
islands locally exceeded the critical wetting layer thicknesggrowth mode.
of two bilayers™ In summary, accounting for the anharmonicity and the
Contrary to the linear theory of elasticity, the anharmo-nonconvexity of real interatomic potentials in a model i1
nicity and nonconvexity of real interatomic potentials lead tol dimensions, we have shown that coherent 3D islands can
different intervals of existence of misfit dislocations in com-be formed on the wetting layer in the SK mode predomi-
pressed and expanded overlayers. The nonconvexity of theantly in compressed overlayers at sufficiently large values
interatomic potential gives rise to the possibility of breakingof the misfit. Coherent 3D islanding in expanded overlayers
the expanded bonds in the cores of the MDs in compressetbuld be expected as an exception rather than as a rule.
overlayers when the force exerted on them is greater than tHdonolayer height islands with a critical size appear as nec-
theoretical tensile strength of the material. As a result, MDsssary precursors of the 3D islands. This explains the narrow
in compressed overlayers appear in sufficiently large islandsize distribution of the 3D islands from the thermodynamic
and small coherent 3D islands can appear before that. On thmint of view.
contrary, this restriction does not exist in expanded overlay-
ers where the bonds in the cores of the MDs are compressed.
The introduction of MDs can thus become energetically fa-
vored in short chaingsmall island$ before the formation of One of the author$E.K.) is financially supported partly
coherent 3D islands, and classical SK growth should be obby the Spanish DGES Contract No. PB97-0076 and partly by
served in most cases. Contract No. F608 of the Bulgarian National Fund for Sci-
It should be noted that the results presented above deperatific Research. .M. gratefully acknowledges fruitful dis-
on the approximations of the model, particularly when thecussions with R. Kaischew. The authors greatly benefited
energy of the multilayer islands is computed. Allowing afrom the remarks and criticism of Jacques Villain.
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