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Epitaxial growth kinetics with interacting coherent islands
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The Stranski-Krastanov growth kinetics of undislocatesherenk three-dimensional islands is studied with
a self-consistent mean field rate theory that takes account of elastic interactions between the islands. The latter
are presumed to facilitate the detachment of atoms from the islands with a consequent decrease in their average
size. Semiquantitative agreement with experiment is found for the time evolution of the total island density and
the mean island size. When combined with scaling ideas, these results provide a natural way to understand the
often-observed initial increase and subsequent decrease in the width of the coherent island size distribution.
[S0163-182809)50728-5

Heteroepitaxy begins with the formation of a thin, lattice- ing adatoms that meet bond together to form small 2D is-
matched wetting layer if the energy gain from substratedands but thermal fluctuations can cause them to break apart
adlayer adhesion exceeds the elastic energy cost from lattidethe island size is too small. There is a critical island size
constant misfit sa/a. As deposition continues, two- such that islands of sizeand less are unstable.
dimensional (2D) islands nucleate on top of the wetting  An island grows by capturing adatoms from both the va-
layer. These islands contribute to the buildup of elastic straifpor and the substrate. The rates for these processéds«are
and, for this reason, the system does not tolerate themndDon,, wherex is the direct capture number armdis
growth, coalescence, and renucleation indefinitely. Insteadhe diffusion capture number. To relieve strain, 2D islands
at large misfit, coherentundislocateyl three-dimensional convert into 3D islands at a ratg,. We assume that atoms
(3D) islands form that are lattice matched near their base buhat detach from the edges of a 2D island do not leave the
are largely strain relieved near their top and sidewalls. Furisland but instead migrate to the top of the island. On the
ther deposition leads to their growth and eventual coalesether hand, we suppose that atodesdetach from 3D islands
cence. This is the so-calle®transki-Krastanovgrowth  (at a rate 1#3) when interactions become significant. A frac-
mode? tion m, of these attach to 2D islands. The remaining fraction

A coherent island is the source of strain fields because itn, contributes to the adatom population. In this work, we
elastically distorts the wetting layer and substrate in its im-approximatem, by the areal coverage of 2D islands.
mediate vicinity. Early on, several experimental groups ob- Rate equations that incorporate all of these elementary
served a significant decrease in the mean size of the cohergmtocesses are
islands at relatively early stages of growth and suggested the
possible role of long-range strain fields. For example, n,=F[1—(i+1)xn;—koNy—k3n3]—D[(i+1)o;n;
Ponchetet al? presented data for the InAs/IB®1) system

and pointed out that elastic interactions should cause islands +oanzt ogngIng+ mang/ 73,

to destabilizeone another because their interactions are mu- )

tually repulsive. Kobayashet al® identified several other ny=Fkinj+Daoining—vy,n,,

features of the island-island interaction as a basis for under-

standing their experiments on the InAs/Gé&2&1) system. N3= v,N5, (1)

Theoretical work on island interactions has been limited to
equilibrium consideratiorfsup to the present time.

. : . (Sony)=F[(i +1) kN + koNy] + D[ (i + 1) o+ oony N
In this paper, we present a theoretical analysis of stranski- (%212 = FLU T i+ 2N} + DL + D oini + oz ]ng

Krastanov growth kinetics that generalizes previous work by +myNng/ T3— ¥,S,N,,
Dobbset al” to take acccount of island interactions and atom
detachment from 3D islands. Dobbsal. employed a mean- (S3N3) = F kaNs+ D aNana+ yoSoN,—Na /75,

field theory for the density of adatomg, the density of 2D

islandsn,, their average sizs,, the density of 3D coherent The suffixed, 2, and 3 fork ando denote critical nuclefof
islandsng, and their average size;,. A rate equation was sizei), 2D and 3D islands, respectively.

derived for each based on the physical processes of adatom We assume that 2D islands are circular with radiasd
deposition, surface diffusion, attachment and detachment D islands are truncated pyramids with base lerigtieight
adatoms from the islands, etc. In brief, an incident flfux h, and base angle). The radius of a 2D island is
contributes directly to the increase of adatom popuation. The= /s, /7. We assume that 3D islands very quickly achieve
adatoms diffuse on the surface with a diffusion constant their equilibruim shape and that the angledoes not change
= wa’exp(—Eg/kgT) where w is an attempt frequencyg is  significantly during growth. For a given island sigg, h and
the lattice constan, is the energy barrier for diffusiorkg | are found by minimizing the energy expression derived for
is the Boltzmann constant, afdis the temperature. Diffus- a 3D coherent island by Tersoff and Trofhp.
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The direct capture numbey is given by the surface area 10" 5
of the island normal to the incident flux, i.ex,=s, and 6] (a)
k3=12. The diffusion capture number measures the effi- ‘]
ciency with which an island captures adatoms from the sur- 21
face. We computer using the prescription of Bales and 1005
co-workers’ which relates it to the size of the diffusional «~ ¢
depletion zonet that surrounds each island. For a circular E

c

island of radiusr with no barrier to adatom attachment we

solve self-consistently 10°5
o]
rK(1/¢) 4
TR @ g
10° T T T T
& 1= Fk;ID+(i+1)o\n;+ o,n,+ o3ng, (3) 0 05 " 10 15
whereK,(x) is the modified bessel function of order We » oM
use Eq.2) for circular 2D islands and fowr; as well(with r 10 3 (b)
replaced byl/2) because the details of the island shape 4
should not affect the results significantly. |
Conversion of a 2D island to a 3D island occurs when a "
sufficient density of atoms is present on its tdpe to strain- 10
driven detachment from its perimeter and upward migration (\"E i
to nucleate a new island at its center. The requisite nucle- £
ation rate i3 SO
1073
Yo=mr?Dexd (i~ (i+ DEy(N)(kgT)], (4 .
whereE; is the binding energy of critical nuclei artg(r) 2]
=EqIn(r/a)/(r/a) is a size-dependent energy barrier for the 10
detachment of atoms from the 2D island. The formyefas 1 55 1 60 165 170 175
a function ofr is such that 2D islands barely convert at all 6 (ML)
until they reach a size* after which most of them convert
very rapidly. FIG. 1. 3D island densitiesta) from the present theory(b)
The escape rate of an atom from a 3D island is from the data of Kobayastt al. (Ref. 3.
D Ep dala=0.05. Our results for the tim@overage evolution of
P ;exp( - kB_T) ) the 3D island density and mean size are shown in Figs. 1

and Za). For comparision we have plotted the experimental
where Ey, is the energy barrier for detachment. Elasticity results of Kobayastet al. for INnAs/GaA$001) in Figs. 1b)
theory predicts that the change in the barrier due to strain ind 2Zb). The sizes were estimated from the published ex-
AEL~(7n,— 7s) €, Wheree is the local strain andys(7,) is  perimental distributions of island heights and island widths.
the local surface stress at the binding sit@nsition state  Note also that we have shifted the theoretical curves to align
configuration. The predicted linearity with strain has beerthe rapid island density onsets because the precise onset po-
confirmed by first-principles calculatiofisThe strain field ~ sition is related to alloyin that we do not attempt to model.
due to a misfitting island is proportional to the size of the The 3D island density initially rises very rapidly due to
island and varies as~2 for distancesl far from the island.  the fast conversion of 2D islands to 3D islands. It then tends
We therefore put to saturate because, as a result of conversion, the average 2D
island size decreases belaiv. During this time the average
3D island size continues to grow. Soon the interactions be-
' (6) come important and significant detachment of atoms from
the 3D islands begins. This results in the very rapid decrease
whereEy is the strain-independent part of the energy barrieiof s, seen in Fig. 23). The detached adatoms that reattach to
andd,;=1/\/n; is the average 3D island separation. We treat?D islands increase the average size of the lattes*tp
a as an adjustable parameter because the surface stress @ihich, in turn, leads to more 2D to 3D conversion. That is
ference discussed above is difficult to estimate. The factor ofvhy the 3D island density increases again. The same trend is
27 is, in this model, the mean number of islands that areseen in the experimental data although we do not obtain
nearest neighbors to a given island. guantitative agreement between our model and the data.
The rate equations were integrated numerically using an The results shown correspond to=120 eV, which is
algorithm suited for systems of stiff differential equatidfis. three orders of magnitude greater than typical elastic ener-
We used values of the parameters typical of those found igies. This large number arises in our model because the rapid
experimentsT=900 K, F=0.1 ML/s,a=3.0 A ,i=4, E,  decrease in 3D island size seen in the data of Kobayashi
=3.5eV,E;=0.5eV,Es=1.0 eV, Eg=0.7 ev,$=25°, and et al® occurs when the experimental mean island separation
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FIG. 2. Average 3D island sizé€a) from the present theoryh)
estimated from the data of Kobayagial. (Ref. 3.
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FIG. 3. Coverage dependence Xof the detachment rate to at-
tachment rate ratio for a 3D island.

It is surprising that an island distribution that works well for
2D islands works equally well for 3D islands. Even more
puzzling is the fact that Eq@8) applies only to situations
where atom detachment from 2D islands is strictly forbidden
(i=1) whereas the coherent islands studied here shrink pre-
cisely due to copious detachment.

This can be understood if we parametrize the island size
distribution not by a fictitious “critical island size” but by
the ratio of the net detachment rate from an island to the net
attachment rate to an islaftinamely,

1/7

N FkiDony

9
Monte Carlo simulations of 2D homoepitaxy show that
parametrizes a continuous family of scaling functibhs.
When\~1 or less, the island size distribution fits E8)

and (8) very well even when significant detachment is
present. The computed time evolution)offor our model is
shown in Fig. 3. Note that its value exceeds unity when the
island interactions are most important but only barely so.

is ten times larger than the mean island radius! Of course, thehis is not inconsistent with the rapid decrease in the aver-

real system has many islands at much closer distances than

our simple mean theory can describe, but it remains the case 5,405 -
that detachment effects seem to set in far earlier than simple
elasticity estimates would suggest. The detailed origin of this

behavior is an outstanding open question and our simple
form (6) must be regarded as a convenient parametrization.

s 17

In principle, the entire island size distribution can be got- 0
ten from a rate equation analysis. In practice however, it is
prohibitively difficult to solve the tens of thousands of equa- .
tions so generated. This theoretical problem is ameliorated 2% 7
for the case of 2Dhomoepitaxybecause the island size dis-
tribution shows scaling behavidt It is therefore highly sig- ng 14
nificant that Ebikoet al. have shown that the 3D coherent

island size distribution for the InAs/Gaf3)1) system also 0

shows scalindg?® Their data fits remarkably well to an ana- 0

lytic scaling form suggested for 2D homoepita®yin detail,
the number of islands of sizg ng takes the form

0,
(s)?

Ng=

) ”

where §.=3.sns and

2x10° -

2x10°

S

FIG. 4. Evolution of the island size distributiot@ 6=0.01,(b)

f(u)=1.1uexp(—0.273"). (8)

60=0.02,(c) #=0.025,(d) 6=0.03,(e) 6=0.04,(f) 6=0.05(ML).
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age coherent island size seen in Fig. 2 because the rate equa-In summary, we have generalized the theory of Dobbs
tion for this quantity in Eq(1) involves thedifference(rather et al® to take account of island-island elastic interactions
than the ratip of the attachment and detachment rates whichthat are presumed to induce atom detachment from 3D co-
can be large. These considerations provide a rationale for thHeerent islands. Semiquantitative agreement was found with
fitting procedure used by Ebiket al'® experimental results for InAs/Gaf301) but the large value
We conclude that island interactions strongly influencefor the interaction parameter needed to model the data sug-
the average island size but not the island size distributiomests that we still lack a good understanding of the energy
scaling function. This is important because it means that wéarriers to detachment for this problem. In conjunction with
can “synthesize” the time dependence of the entire islanda scaling ansatz, the results could be used nonetheless to
size distribution merely from knowledge of the time depen-rationalize the ubiquitous “narrowing” of the full island size
dence of the average size. This is shown in Fig. 4. As exdistribution seen in experiment. An interesting and open
pected, the island size distribution broadens and its peak papuestion is to establish the veracity of this scaling assump-
sition moves to the right as the coverage increases from zertion in a theoretical framework.
But as a consequence of Eq%) and(8), the decrease af;
when interactions become imporant induces a narrowing of The authors thank Steve Bales for the use of his program
the distribution and a shift back to the left. Precisely thisto solve the rate equations. The authors gratefully acknowl-
behavior is seen in the experimental island sizeedge support from Grants No. DE-FG02-97ER4565&.)
distributions®® and NSF-DMR-9705440H.M.K.).
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