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Coarsening kinetics of heteroepitaxial islands in nucleationless Stranski-Krastanov growth
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A large-scale three-dimensional computer investigation of coarsening kinetics of heteroepitaxial islands
during nucleationless Stranski-Krastanov growth is conducted. Both surface diffusion and condensation are
considered. It is found that island formation and coarsening kinetics are strongly influenced by the growth rate
and growth mode. Under the nucleationless growth mode, unusual coarsening kinetics, i.e., the superlinear
increase in the mean island volume with respect to time, and the higher-than-linear-rate decrease in the areal
density of islands with respect to time described by Fleral. [Phys. Rev. Lett84, 701(2000], is observed.

It is proposed that unusual coarsening kinetics is attributed to the island volume distribution at the beginning
of coarsening. The standard mean-field theory considering the island volume distribution at the beginning of
coarsening reproduces the observed behavior.
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INTRODUCTION continue to grow at the expense of smaller islahtls.
During heteroepitaxial growth, the instability of surfaces

The self-assembly of quantum dof®D’s) through the under strain and subsequent island formation and coarsening
Stranski-KrastanoySK) growth mode has attracted a greatis caused by the competition between the strain energy and
deal of attention in recent years. Ideally if each island has théhe surface energy of the system. The instability of surfaces
same size, shape, and composition, the dense array of epitaxader strain was analyzed by Asaro and Tiffeand
ial islands can be used for quantum dot applications due tGrinfeld* The origin of the instability is the reduction of the
unique optical, electronic, and magnetic properti®uring  total free energy of the epitaxial system. However, the role of
SK growth, the formation of QD’s can occur through two mismatch strain between the island layer and the substrate is
routes: QD’s can initiate by nucleatibor surface roughen- still controversial. On one hand, it is observed that the island
ing (nucleationless®* followed by island growth and coars- size distribution is consistent with that of homoepitaxial
ening. The former usually gives rise to a wide range of islandyrowth, implying that a strain-mediated mechanism is
distribution as nucleation is a random process and thereforierelevant'® The underlying argument is that although the
is ill-controlled, whereas the latter usually gives rise to amismatch strain does work to form three-dimensiofgi)
relatively more uniform and regular island array via the co-islands, it is insufficiently large enough to control the shape
operative formation of the quantum dots. of the islands and hence size distribution during growth. On

Although enormous efforts have been made to achievéhe other hand, it is also believed that elastic interactions in a
uniform and regular QD arrays through self-assembly, so fadense array of islands contribute significantly to the growth
there is no reliable way to do so. The current uniformity andkinetics to reveal unusual coarsening kinefi¢&2’which is
regularity of QD's is insufficient for majority of QD device inconsistent with the standard Ostwald ripening kinetics.
applications. Therefore it is of interest to know the size dis- Computer simulations have been used to understand the
tribution of QD’s and how it evolves during growth. formation and coarsening kinetics of epitaxial islaftis?

Coarsening kinetics of self-assembled QD’s can provideThese simulations have revealed many details of the pro-
important information on the size distribution and evolutioncesses that occur during growth, such as cluster edge diffu-
of QD’s. Traditional understanding of QD coarsening kinet-sion, adatom diffusion between clusters, and island nucle-
ics is that coarsening of clusters follows Ostwald ripening,ation and mobility. Most of the studies have focused on the
which involves a diffusion-mediated mass transfer fromfirst route of forming QD’s, that is, through the sequence of
smaller to larger islands.” Ostwald ripening theories with- nucleation, growth, and coalescertfe?® Although some
out considering mismatch strain have been wellmodeling efforté? have been devoted to studying the sec-
established'°Recently, it was found that island coarsening ond route of forming QD’s, that is, through the sequence of
can be promoted by mechanisms other than Ostwald ripersurface roughening, formation of islands, growth, and ripen-
ing. It is observed thatl) coarsening can be dominated by ing, due to the small number of islands involved, the coars-
dynamic coalescence, which involves diffusion and subseening kinetics revealed by these studies is not yet complete.
quent coarsening of islands;(2) coarsening can be pro- In this paper, we will study island formation and coarsen-
moted by static coarsening, where islands undergo coalesig kinetics in the SK growth through large-scale computer
cence only when neighboring islands tocR; and (3)  simulations. Our attention is focused on the second route,
coarsening can be driven by the Gibbs-Thomson effectthat is, islands are formed through surface roughening rather
which favors larger-sized islands due to the lower vapothan nucleation. Our simulations reveal many detailed pic-
pressure around them. Smaller islands dissolve to establishtares of island formation and coarsening kinetics. In particu-
concentration gradient towards larger islands, which willlar, a bell-shaped island size distribution at the beginning of
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coarsening is observed. It is found that the island size distriness,kB is the Boltzmann constant, ant is the absolute

bution can give rise to unusual coarsening kinetics, that isemperature. Equatiof8) can be written in the following
the mean island volume increases superlinearly with timegriational form:

and the areal density of islands decreases at a higher-than-
linear rate'® The standard mean field theory, with consider- ’
ation of the bell-shaped island volume distribution at the fSVn‘SVndA: L{DVsXJF (X0t Xx,—X)}6vpdA,  (4)
beginning of coarsening, reproduces the observed behavior.
where the integration is over the film surface. By assuming a
symmetrical condition and applying the surface divergence
theorem, we can rewrite E¢4) as

Consider an elastically isotropic thin film with lattice
spacinga; heteroepitaxially grown on an elastically isotropic _ 2 _
substrate with lattice spacira,. The mismatch strain is de- SvnﬁvndA— LDXVS(&V")+ 7(Xo Xu = x) ovadA
fined aseg=(a;—ag)/as. The substrate with thicknes$s is (5)
bonded to a rigid substrate. Although we consider heteroepLi_
taxial growth in the present paper, for simplicity, we neglect thod
the mismatch of elastic properties between the substrate a ethod.

the film, i.e., the film and substrate have the same elastic we ch_o_oseu and » as a set of curwlmear_coordlnates
properties parametrizing the surface. The surface equation can be ex-

At the film surface, mass diffusion and condensation ar{ressed by(u,»). The surface grad%ij?nt operator and surface
related to the magnitude of the surface chemical potential. | aplace operator can be expresset as

PROBLEM FORMULATION

his equation may be solved fet, using the finite-element

surface energy is isotropic and does not depend on surface 1 P P 1 P P
strain, the surface chemical potential can be written as =— —F—|+— —F—
P Vs Hzrl(Gau F&v) H2"2 Bgy Fau) ©
X=Xot+ Qw—ky), (1) and

where yq is the chemical potential of the bulk material, d d d d

. f . . . . G ——F — —F —
which is the reference chemical potentifl, is the atomic 1 9 au . av 19 Jv . au
volume of the diffusive atome=aj¢;;/2 is the strain en- V§=ﬁ% — + g\ Hw

ergy densityx is the mean curvaturéhe sum of two prin- %)
cipal curvatures and vy is the film surface energy. For sim-

plicity, surface energy is assumed to be isotropic. For thavhere partial derivatives with respectupv are denoted by
film and the substrate, a linear elastic relation between ththe use of the subscripts 1, 2 respectively; &hdr,-rq,

stress and strain is assumed, i®;,= Cjj ex, WhereCijy F=ri-r,, G=r,-r,, andH?=EG—F2.
is the component of elastic modulus tensasy, is the com-

ponent of stress tensor, arg, is the component of strain NUMERICAL PROCEDURE
tensor.

The growth rate is proportional to the growth flux and the A finite-element method with a semi-implicit Euler
sticking coefficien® The growth flux is dependent on the Scheme is introduced to solve E§). The reference surface
difference between the chemical potential of the vapor phasgonfiguration is perturbed by a small displacemepalong
and the film surface. The larger the difference, the larger th&€ normal direction of the surface within a small time inter-
growth flux? To first-order accuracy, the condensation rateV@l At. In the forward Euler numerical scheme,= v,At.
of the thin film surfacey,, is assumed to be proportional to The new surface configuration equation is
the difference between the chemical potential of the vapor f=ruen )
phasexo+ x,, and the surface chemical potentigl,i.e., nw

wherer(u,v) andr’(u,v) are the surface reference configu-
vg=n(Xot X»—X), (20 ration and the perturbed configuration, respectively, @il
the surface normal vector. The mean curvature after the per-
where 7 is a growth parameter that depends on the stickingurbation i$*
coefficient, temperature, and the mass of the vapor particle. .
Here,y, is the relative chemical potential of the vapor phase. K'=k+n-: Vg(unn) —2V - (uyn), (9

Both surface diffusion and condensation contribute to the
evolution of the film surface. Based on the conservation oyvhere
mass, the surface evolution rate can be written as o 1 P 1 9
V=——2n1(G——F— +—2n2(E——F—)
va=DVex+ n(XoT X~ X) ©) : uoov v (10

where v, is the normal velocityD=D¢ds/kgT, Dy is the s a surface operator. It can be proved tkatcan be simpli-
surface diffusion coefficientds is the diffusive layer thick- fied as
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K’=K+V§un+ Uup(k%—2K), (12) Symmetrical boundary conditions are used in the calcula-
tions of strain energy density, surface curvatures, and surface
whereK is the Gaussian curvature. Replacirgn Eq. (5)  evolution.
with " and rearranging the equation, we can write the semi- During Stranski-Krastanov growth, it is energetically un-
implicit scheme as favorable for the substrate to become exposed. To model this
wetting effect, a thin transition layer with varied mismatch
strain between the substrate and the fully strained film is
f Upov,+ Ato[VgunJr Un(k2—2K)] introduced. The strain gradient is assumed to be linear.
S Physically, the transition region can be thought of as a mixed
phase of the thin film and substrate, giving rise to the varia-
tion of the mismatch strain. An initial parametric study has
shown that the surface evolution and island formation are
=Atﬂf (w—K7)(DV§5vn—gavn)+gXV5vndA. insensitive to the transition layer thickness when its dimen-
S sionless thickness is less than 0.1. In the present simulations,
(120  the dimensionless transition layer thickness is taken as 0.1.

X (DV26v,—gév,)dA

This equation may be solved far, using the finite-element RESULTS AND DISCUSSION

method. . The effects of growth rate on island formation and coars-
_ Afinite-element method for computing the surface evolu-gning kinetics have been examined. A random perturbation in
tion of the film has been developéiThe geometry of the the form of a Fourier series with random amplitudes and
film surface is specified at time Our objective is to calcu- wavelengths is introduced on the transition layer surface to
late the shape change of the surface during a subsequemimic initial surface roughness. The computer simulations
infinitesimal time intervalAt. At time t, the stress and strain  show that when the initial surface is random, the conclusions
distribution along the surface is calculated to obtain thepbtained in the present paper are insensitive to the starting
strain energy distribution on the surface. The calculation fol-configuration. During subsequent surface roughening and is-
lows small-strain elastic theory. Next the surface curvaturdand formation, for simplicity, it is assumed that the variation
based on a rectangular mesh of nine Lagrangian elements af the surface chemical potential due to growth noise is
the surface is determined. Finally H42) is solved to obtain much smaller than the variation of the total surface chemical
the surface displacement and a new surface during the timeotential. Hence, in subsequent growth, the small perturba-
interval At. Based on the configuration &t At, the new  tion in the growth rate due to growth noise is neglected. As
configuration during a subsequent infinitesimal time intervasuch, all of the simulations reported herein start from the
At is calculated. This process is repeated and the surfacg@me random surface. The dimensionless length and width of
evolution is modeled. the simulation cells used are both 80, and the dimensionless

The triangular plate bending element devised by Sgécht Substrate thickness is 16. .
was used to solve the surface diffusion. The plate element We focus on the situation close to complete condensation,

shape functions are parametrized by the three areal coor A the chemical potential of the vapor phase is larger than
. he surface chemical potential of the film, which is often the
nates,L,, L,, andLj. The local coordinates of the plate

bending elementy, y, are chosen as the curvilinear coordi- case in semiconductor growth. The growth paramegns
9 % Y, held fixed, which is equal to 5. The growth rate is controlled

natez.. The followmg relations are used to transform the twq)y the vapor chemical potentiay, , . Three vapor chemical
coordinate systems: potentials are used during the simulation, ixe.,=2, 5, and
8, to represent low, intermediate, and high growth conditions,

J_ 1 b b (13) respectively. Also annealing has been simulated for a dimen-
ax  2A\ oL, 2oL, PaLg)’ sionless film thickness of 0.2.

The snapshots of the surface morphology evolving during
P 1 P P P low, intermediate, and high growth rate, i.g,, ,=2, 5, and
— = _<C1_+CZ_+CS_)1 (14) 8, are shown in Figs. 1, 2, and 3, respectively. These figures
gy 24\ 7Ly Tolp  Tdlg show that island formation and ripening kinetics are strongly

affected by growth rate. At low growth rate, the rough sur-
face evolves into flat and shallow islands, which subse-
quently evolve into isolated islands as shown in Figa).1

whereA is the area of the triangular element and

bi=y>—ys, by=ys—yi, b3=yi—Y,, The areal density of these isolated islands is relatively low.
These islands start to undergo ripening at an earlier stage as
C1=X3— X3, Cy=X;—Xz, C3=Xo—Xq, shown in Fig. 1b) compared with higher growth rates. As

growth proceeds, larger islands grow at the expense of
where ;,y1), (X2,¥2), and (3,ys) are the nodal coordi- smaller islands as shown Fig(cL Even at the later stage,
nates of the triangular element. islands remain sparsely distributed as shown in Fid). 1At
The following normalization scheme is useds,  the intermediate growth rate, both islands and ripples appear
=wlwg, |, =g, t,=t/tg, wherel is the length scale,is  at the early stage of evolution as shown Figa)2 Subse-
the time scalewo=Esj/(1—v) is the strain energy density quently, all the ripples break up into islands as shown in Fig.
of the initially flat film, lo=y/wy, andty=y%/(wgDQ?).  2(b). The island density shown in Fig(@ is higher than that
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FIG. 1. Snapshots of surface morphologic evolution at low FIG- 3. Snapshots of surface morphologic evolution at high
growth rate, that isy, ,=2. (a) Isolated islands are formed with grOV\{th rate, that isy,.,=8. () The formation of ripples is domi-
large separatior(p) islands undergo ripening at the earlier stage; as"@nt; (b) ripples break up into islandg) islands undergo ripening,

growth proceeds, the island density drops and the mean island volbe island density drops, but the island coverage and the mean is-
ume increases as shown (g) and (d). land volume increase; ar(d) islands from a highly dense array.

) ~ From our simulations, some quantitative data on coarsening
of the low growth rate. As a result, the island separationjnetics can be extracted. The mean island volmg) ver-

becomes smaller. At the later stage, although the number ¢f ;g growth timet, is shown in Fig. 5 for the three growth

islands decreases, the coverage of the islands still increasggses and the annealing case. In the annealing case, the mean
as shown in Fig. @)). At high growth rate, both islands and jgjand volume increases linearly with growth time during

ripples were observed as shown in Figa)3 However, the  oarsening. In the growth cases, the increase in mean island
number of ripples is higher than the number.of |s_lands. Subyolume with respect to growth time is also approximately
sequently, almost all of the ripples break up into islaf&i®  |inear at low growth rate. However, with an increase of
Fig. 3b)]. The mean island volume is larger than the previ-growih rate, the mean island volume increases more and
ous two cases. The maximum island density is lower thafnore superlinearly with growth time, which is consistent
that of the intermediate growth rate, but the island coveraggith the unusual kinetics observed by Flegbal®

is much higher as shown in Fig(3. At the final stage,  The change in areal density of islands with respect to
densely compact islands are formed as shown in Aid. 3 growth time for the three growth cases and the annealing
For the annealing case, a rippled structure is first formed ag;se is shown in Fig. 6. During the early stage of coarsening,

shown in Fig. 4a). The rippled 'structur'e br_eaks up into i.S' the areal density of islandd\, ) is shown to decrease at a
lands[see Fig. 4b)], followed by island ripening as shown in higher-than-linear rate with growth timg . But with the

Fig. 4(c). As the ripening proceeds, the island density dejncrease of growth time(N, ) decreases at a lower-than-

creasegsee Fig. 4d)]. . linear rate. Interestingly, at high growth rates, the areal den-
The evolution of the QD growth process can be dividedg;, of jslands decreases almost linearly with growth time

into two stages: first, island formation, followed by island gter the initial higher-than-linear regime. This result is con-
coarsening. In the simulations, coarsening starts,at4.  gjstent with the unusual coarsening kinefitsn Fig. 6, the

t,=5.68

FIG. 2. Snapshots of surface morphologic evolution at interme- FIG. 4. Snapshots of surface morphologic evolution under an-
diate growth rate, that isy, ,=5. (a) Isolated islands and some nealing.(a) The formation of ripples is dominanth) ripples break
ripples are formedib) ripples break up into islandgr) islands  up into islands{c) islands undergo ripening, both the island density
undergo ripening, the island density drops, and the mean islandnd the island coverage decrease, but the mean island volume in-
volume increases; and)) islands from a relatively dense array. creases; an€d) islands form a sparse array.
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FIG. _5' The variation of th? mean island volur(?v*> with FIG. 7. The variation of the island coveragewith time t, .
grovvth timet, . At the coarsening stage, the mean island VplumeSince islands are shallow and flat at the early stage, the island
Increases superlinearly _W'th time for the growth cases but IInearlycoverage is high. As growth proceeds, the coverage first decreases
with time for the annealing case. and then starts to increase. For the annealing case, the coverage

) ) ) ) ) ) continues to decrease but in a slow pace. At the coarsening stage,
intermediate growth rate is shown to give rise to a maximumpe coverage changes linearly with time.

island density. This indicates that the maximum island den-
sity can be optimized by changing the growth rate.
The coverage of islanddversus growth time, is shown

in Fig. 7. In the annealed case, the coverage is shown
decrease linearly with growth time after island formation is
completed. For the growth cases, the coverage increases li
early with time. This observation is different from the experi-
mental result$® The reason for this difference is that in the
experiment, the aspect ratio of islands is fixed since all is

dense array¥’ In the present simulations, unusual kinetics is

shown for sparse arrays of islands. This implies that the elas-
¢ interactions between islands may not be the only cause

for unusual coarsening kinetics.

N The island volume distributions at the beginning of coars-

ening are obtained and are shown in Fig. 9 for the three

growth rates. These island size distributions are quite differ-

lands adoof501Lf q ; In th ol ent from these observed in the nucleation mode. In the nucle-
ands adopt501]-faceted surfaces. In the computer simula- 5i0n mode. the island size distribution was observed to fol-

tions, the islands adopt a nearly spherical cup s_hape since t'ﬂ?w a power-law decreasdn addition, a uniform island size
surface energy |s'assu.med to be Isotropic. Elgurg 8.Sh9wt§istribution was used to mimic the early stage of island
that the aspect ratio of islands increases with time, 'nd'cat'n%oarseninﬁ? In the present simulation, the island size distri-

the aspect ratio of the islands increases with increase of I%utions at the early stage of coarsening roughly follow a bell

Ianld _vo_lume. . hat th | ing ki shape. The cause for the bell-shaped distribution is due to the
tis interesting to note that the unusual coarsening i€ty o e ¢ morphological instability of the strained film

ics observed by Floreet al.™® also appears in the present surface4 Through surface roughening, a rippled or cell-

simulations. Such unusual coarsening kinetics was attributem(e corrugated surface pattern forms first, followed by the
to the elastic interaction between the growing islands W'thformation of islands. The surface roughening follows the

—»— annealing 0.3
0.05F —_— Y2 -
—_— x’v:j o
s ———— 1"’0=8 :
A 0041 0.2
=
v -
0.03 0.1 B annealing
I A Y2
r —— Y=
s IvE
UDZU 5' IIU 1‘5 20 0||||I»|||I||||I||r|
t, 0 5 10 15 20

t
FIG. 6. The variation of the areal density of islar{dé, ) with

growth timet,, . At the initial growth and annealing stages, the areal  FIG. 8. The variation of island aspect ra#towith timet, . At
density of islands increases drastically. At the early coarseninghe initial growth and annealing stages, the aspect Aiitcreases
stage(N, ) decreases at a higher-than-linear rate, while at the latevery quickly. At the coarsening stages, the aspect ratiocreases
stage(N, ) decreases at a lower-than-linear rate. However, at higtsublinearly with time for growth cases and linearly with time for the
growth rate{N, ) decreases close to a linear rate. For the annealingnnealing case. The aspect ratio for the growth cases increases
case(N, ) decreases linearly with time. much faster than that for the annealing case.
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FIG. 9. The island volume distribution at the beginning of coars-
ening for the three growth cases.

characteristic roughening wavelengths. The fastest-
roughening wavelength gives rise to the dominant surface
roughening mode. The farther a roughening wavelength de-
viates from the fastest-roughening wavelength, the less
dominant the corresponding surface roughening mode will
be. Therefore a bell-shaped island distribution is developed
with its peak corresponding to the fastest-roughening mode. I
In addition, the critical instability wavelength of the strained R Ve R B T R T
surface determines the smallest island volume, implying that (b) t,
there is a low bound for the island size. Based on the above
analysis, the island size distributions shown in Figs. 9 and 11 FIG. 10. When the island volume distribution follows a uniform
should be usual for nucleationless island formation. It shouldlistribution or a decreasing power-law distribution, the usual coars-
be noted that the island distributions shown in Fig. 9 haveening kinetics is observeda) The mean island volume changes
also been observed experimentally. Examples include InAsdublinearly with time(b) the areal density of islands decreases at a
GaAs (Ref. 19 and Ge/Si001) (Ref. 2 self-assembled co- slower-than-linear rated, is the growth flux.
herent QD’s. It is worth mentioning that the bell peak shifts
towards to a larger value of volume when the growth rate is :
increased. ﬂ __ I(fV)
It is proposed that the unusual coarsening kinetics ob- at v '
served here could be attributed to the island size distribution
at the beginning of coarsening. To validate this argument, the ) )
standard mean field theory used by Fletal®is employed ~Where the length scale is normalized by=B/kT, the
to analyze the ripening kinetics during deposition and anchemical potential byyo=KkT, and the growth time by,
nealing. Following their formulation, the chemical potential =B?/(Ck?*T?). Equation(17) is solved numerically.
is given asAy(V)=BV Y3 whereB denotes the energy We use mean-field theory to study the effect of the island
scale andVv denotes an island volume. The growth rate forsize distribution at the beginning of coarsening on the coars-
any island of volumeV/ is given by ening kinetics. If the island size distribution is uniformly
distributed or follows a power-law decrease, the usual coars-
) \V; ening kinetics is obtainetsee Fig. 10 However, if the ini-
V= HZCVM(GAX”’“(T— efX(VIIkT), (15  tial island distributions follow a bell shape as shown in Fig.
11, the unusual coarsening kinetics is obtaifsze Fig. 12
whereC is a constantkT is as usual, and x,, is specified The gnderlying reason is t.hat small islands. exhibit a high
by conservation of mass, chemical potential, which disappear more quickly than large
islands. Since the number of small islands in the bell-shaped
. distribution is much less than that in the uniform or decreas-
f f(V,0)VdV==, (16)  ing power-law distribution, the disappearing rate for small
0 islands in the bell-shaped distribution should be much slower
than that in a uniform or a decreasing power-law distribution,
where® is the deposition rate ani{V,t) is the distribution hence causing unusual coarsening kinetics.
of island volumes. The evolution d{V,t) is obtained from In addition, unusual coarsening kinetics occurs even when
the flux continuity condition in size space, the island density is sparse. This suggests that the elastic

17)
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FIG. 11. Three bell-shaped island size distributi¢tsnoted by
D,, D,, andD,, respectively.

interaction reasoning for growing islands with dense arrays
may have a minor role compared to the initial bell-shaped
island size distribution. It appears that the “unusual” kinetics

is usual in nucleationless island formation since the bell-
shaped island size distributions shown in Figs. 9 and 11 are
not unusual in nucleationless island formation.

<N,>

(b) t.

FIG. 12. When the bell-shaped island size distributions are used

Large-scale three-dimensional computational studies ofS the initial island distribution, unusual coarsening kinetics is ob-
island formation and coarsening kinetics were performedServed.(@ The mean island volume changes superlinearly with
The computational results showed that the growth rate an me; and(b) the areal density of islands Flecreases at a higher-than-

. . . inear rate at the early stage of coarsening.

growth mode play an important role in island formation and
coarsening kinetics. Unusual island coarsening kinetics detion is usual, it is proposed that the “unusual” coarsening
scribed by Floroet al!® was observed. Unusual coarseningkinetics is usual in the coarsening process with nucleation-
kinetics is attributed to the bell-shaped island size distribuless island formation.
tion at the beginning of coarsening. The standard mean-field
theory considering the initial island size distribution repro- ACKNOWLEDGMENT

duces the unusual coarsening kinetics. Since the island size We express our gratitude to Dr. Julian Chia for proofread-
distribution at the early stage of nucleationless island formaing the manuscript.
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