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Kinetics of the initial stage of coherent island formation in heteroepitaxial systems
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The stress-driven formation of coherent islands in heteroepitaxial systems is studied within the frame of the
kinetic theory of nucleation under dynamical conditions. The kinetic model for a description of the time
evolution of the island size distribution and wetting layer thickness in Stranski-Krastanow growth mode is
developed. The time scale hierarchy of the nucleation stage, the size relaxation stage, and the stage of critical
wetting layer formation enable us to construct analytical solutions to the model kinetic equations. The time
dependence of the lateral size distribution, wetting layer thickness, and other characteristics of the island
formation process are calculated. Analytical expressions for the substrate temperature and growth rate depen-
dence of the mean lateral size and surface density of islands are obtained and analyzed.
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[. INTRODUCTION layer and consumption of matter directly from a metastable
wetting layert! The kinetics of coherent island formation
The spontaneous formation of coherent islands in hetfrom a metastable “sea of adatoms” has been studied re-
eroepitaxial systems is of high technological relevance as igently in the case of self-limiting growf*® However,
is a major method to produce dense arrays of nanoscaRxperiment$'!show that the wetting layer thickness consid-
quantum dot$:? Carrier confinement in quantum dots makeserably decreases in time as the islands grow. Therefore,
the prospects for their use in novel optoelectronic device§tress-driven diffusion flux of particles from the wetting
Very favorab'e?'_ The 0ptica| properties of quantum dot arrays Ia.yer to IS|andS constitutes the d0m|nant k|net|C meChanlsm
in particular systems are determined by the island shape arf@f 2D-3D transitions. The role of adatoms is mainly re-
size distribution. Experimental results obtained for differentstricted to a reiterative building of the 2D wetting layér?
deposit and substrate combinatibdemonstrate a strong de- As long as the wetting layer thicknessis lower than the
pendence of surface morphology on growth conditions sucgquilibrium thicknesshe, found from the Muller-Kern
as the growth rate and substrate temperature. A technologicéliterion,* 2D layer-by-layer growth takes place. When the
need for tuning the surface morph0|ogy by an appropriatélvetting Iayer thickness increases above the equilibrium
choice of growth conditions requires further development ofvalue, a 2D-3D transition is observed. This transition results
relevant theoretical models which could help in an underin the reduction of the free energy. Therefore, the parameter
standing of the overall system performance at variable coné =h/heq—1 is the measure of wetting layer metastability.
ditions. By analogy with supersaturation in gas-vapor media, this pa-
An equilibrium model for the free energy of an array of fameter is termed as superstress.
coherent strained islands has been developed by Shchukin This aim of this work is the construction and study of a
et al® It has been shown that the combined effect of strainkinetic model for the stress-driven formation of coherent
induced renormalization of surface energy and elastic relaxstrained islands in heteroepitaxial systems. The existence of
ation on island edges may result in the minimum of freed time scale hierarchy of different stages of the island forma-
energy. This minimum relates to a particular energeticallytion process enables us to describe the process analytically.
favorable size and a narrow lateral size distribuficfhe  Time dependences of the island size distribution and wetting
essentially equilibrium character of the model and the ablayer thickness are obtained. Simple analytical expressions
sence of flux and temperature dependence of island morphdpr the mean lateral size of coherent islands, the size distri-
ogy have stimulated theoretical studies of island formatiorPution width, the island surface density, and the wetting layer
kinetics’~° As has been recently shown by Osipetval, %'t  thickness are obtained and analyzed.
the formation of coherent islands within a wide range of

parameters can be well described within the frame of classi- Il. THEORY
cal nucleation theory adopted to the case of molecular beam ] _
epitaxy and related growth techniques. A. Free energy of coherent island formation

To develop the kinetic theory of coherent island forma- The free energy of the stress-driven coherent island for-
tion, we need to find the driving force and the kinetic mecha-mation in Stranski-Krastanow growth mode can be presented
nism for the transition from two-dimensional to three- in the form:
dimensional growti2D—3D transition.*? The driving force
for coherent island formation in strained systems is always AF(i)=AF gast AF gyt AF - 1)
the relaxation of elastic energy in the islaftds! In
Stranski-Krastanow growth mode, two kinetic mechanismdHere AF,sis the difference in elastic energy bhtoms in
are principally possible: consumption of matter from athe island and in the wetting layekF, the difference in
metastable “sea of adatoms” on the surface of the wettingsurface energy of the island and of the wetting layer surface
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3D islanding atAFg,~0—i.e., when the formation of an
H additional surface area of the island remains energetically
unfavorable under strain.

The third term in Eq.(1) arises due to the attraction of
atoms to the substrate. According to the Muller-Kern
model* the energy of this attraction per unit surface area in
layerk+1 isWqexp(—kky), whereW, is the wetting energy
on the substrate surface alkg the relaxation coefficient.
Exponential relaxation of the wetting energy is typical for
semiconductors. The coefficiekp is normally of order of
unity. It can be showtt that for sufficiently tall islands the
absolute value of the attraction energy in the wetting layer is
much higher than in the island. Therefofs: ., can be sim-

FIG. 1. Schematic representation of the system geometry i
Stranski-Krastanow growth mode; lateral size of the island,
island height;f, contact angleh, wetting layer thickness.

covered by this island, antiF ., the difference in energy of plified to

deposit-substrate interactions ichtoms in the island and in ) h

the wetting layer. The island is assumed as being the pyramid AF p=— F‘;\{t';:h—ex;{ — W) 12hoi, (4)
0 o''o

with a square base of lengthand contact anglé, as shown
in Fig. 1. In this case i=(L/aly)® with «  whereh/hg is the wetting layer thickness in ML.

=(6hy cotandlly)*'3, hy being the monolayefML ) height and Combining Egs(2)—(4) in Eqg. (1) and expressing\F in
I, the average distance between atoms on the surface. Thiee units of thermal energy, the island formation enefgy

first term in Eq.(1) is given by =AF/kgT takes the forrt
AF o= —[1-2(6) &3 2o, 2 AF _p_ ol0)cosh=a(0) ,
kgT kgT

where\ is the elastic modulus of deposity the misfit pa- 1 v h
rameter,|2h, the average volume per atom in the film, and -~ |(1= 2_ "0 _ 2p

o'lo ! J _ i g (1-2)\eg ex 15hot,
z( ) the relative relaxation of elastic stress in the island. The kgT ho Koho
function z(6) has been found numerically from finite- (5)

element calculatiods and can also be estimated by the .

Ratsch-Zangwill approximatioff. The elastic contribution to Wherekg is the Boltzmann constant affdthe substrate tem-
the overall free energy of island formation is always negativé®@rature. The expression in the square brackets in(&q.
and increases by an absolute value withThis means that Tepresents the dlﬁergnce qf chemical potenpals _of atoms in
the elastic energy per atom in the island is always lower thaf’€ Wetting layer and in the island. The negative difference of
in the wetting layer and that taller islands have lower elasti€hemical potentials relates to stable wetting layer with

energy than flatter onés. thicknessh<h,. The positive difference of chemical poten-
Surface energy contribution tAF(i) is determined by tials relates to ametastablewetting layer with thicknes$
the difference >hgq. The equilibrium wetting layer thickness
(6) he=hokoIn| — 2, 6
g =
AFsurf: ﬁ_ff(o) I—Za (3) ed oo N ho(l_Z)RSS ( )

is determined by the ratio between characteristic wetting and
where (Ll/cog-1)L?> is the additional surface area elastic forces? At h>he,, a 2D-3D transition is possible
created due to island formationy(¢)=y(¢)+ 7,84  because the gain in elastic energy is higher than the energy
+ A wpuvEapt v is the renormalized surface energy per unitrequired to overcome attraction forces and to create addi-
area,e .z the surface deformation tensor, apdhe surface tional surface area of the island. Introducing superstress
energy at zero lattice misfit® The orientationsp=0 and =h/heg—1 and linearlizing Eq(5) in ¢, the dependence of
@= 0 correspond to the substrate surface and four equivalenhe island formation energy on the number of atoms in the
pyramid facets. For simplicity, it is assumed that the contactsland takes conventional form
angle 0 is determined by a cusped local minimum of the
quantity o-(¢)/cose at ¢= 6 and that all islands have con- F(i)=Ai?*-Bi. @
stant aspect ratigd=tan#/2. In contrast to the model of T
cube-shaped islands of Ref. 11, in this case the free energy o
|sla_nd fqrmatlon is thesfunctlon of only one mde_pendent [o(6)/cosf—a(0)] heq (1_2)}\83%%
variablei. Shchukinet al” suggested that the strain-induced A= = ,
renormalization of the surface energy may result in a nega- keT hoko keT 8
tive difference AFg,s despite an obvious inequality 8)
v(p)/cosp—¥(0)>0 (initial surface is stable against face- are determined by the ratio of surface energy to thermal en-
ting). In this work we consider an alternative mechanism ofergy and of elastic energy to thermal energy, respectively.

e constant®\ andB, defined as

azlg,
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25 | F()

4D
W (i)=—5ai'?, (12)
vlg

whereD is the coefficient of the stress-driven diffusion from

the wetting layer to islands andthe cutoff parameter for the

elastic stress field. Normally;>1 and we will considew
=10 for our further numerical estimates.

107 As has been shown by Kufflthe study of the evolution
of the island size distribution is considerably simplified by
introducing a new variable for which the growth function is

) no longer size dependent. As follows from Ed.l), the

i growth function does not depend on size in terms of the

0 W0 200 300 400 500 variable
FIG. 2. Dependence of island formation energy on the number L\2
of atoms in the islandr (i) for the parameters described in the text. p= i2/3:( I , (12
alo

The obtained expression for the free energy provides th@hich equals the island base area in unitsaifyj?. In terms
following results for the main inputs of classical nucleationof size p, the growth function is simply proportional to su-

theory’ perstress:
, 2A |3 A3 ot dp_¢ 13
lc(§)=(3—8§) : F(§)=2_782_§2’ ~Fi)=g a3 T
(9)  The characteristic time
Here i, is the number of atoms in critical nuclek(¢) 312v
=F(i,(¢)) the nucleation barrier, anet F”(i.) the reverse ™= 8aBD (14

width of formation energy in near-critical region. As follows
from Egs.(6) and(8), the equilibrium wetting layer thickness is of the order of the averaged diffusion time of atoms in the
and critical size only slightly depend on temperature and thavetting layer. Using Eqg¢11) and(14) in Eq. (10), the nucle-
nucleation barrier is proportional toTL/ For the parameters ation rate can be presented in the form

of the Ge/S{100 system §{=1.27x10% dyn/cnrg, a

£0=0.042, hy=0.145 nm|y=0.395 nm¥ ;=450 erg/cm, - _

o(0)~0(0)=800 erg/cmi) at T=470°C, taking §=20° o ;ggexr[ FO) (15
(z=0.59) and puttind,=0.9, we obtain the following esti-
mates:heq/hy=3.35 ML, A=2.59, andB=0.617. With{
=0.53 corresponding to a wetting layer thickness of 5.1 ML

with a=2(7A)Y2. Under the conditiofF>1, providing the
applicability of the macroscopic description of the nucleation
process, the evolution equation for the island size distribu-

this givesi .= 155 atoms andr =25. The dependence of the : ; 0,12,18
island formation energy on the number of atoms in the islanéIon 9(p.t) in terms of the variable reads
is presented in Fig. 2. (9_g=_£(9_g
at Tdp’
B. Evolution equation and equation of material balance
In classical nucleation theory, the nucleation rate is found g(p,t=0)=0, g(p=01)=gs(L(1)). (16)
from the Zeldovich formuld This equation is written for the overcritical region: the mo-
mentt=0 corresponds t¢g=0 andh=h,,. The stationary
W (i) F(i.) distributiongg(¢) does not depend op
I=—3 - e F, (10
15 27 7_ a
95(0)= 71 (0= exd ~F(0)]. (17
0

whereW™ (i) is the number of atoms attached to the critical
nuclei per unit time. The island growth functiah/dt is  Since island formation at<hg, is a priori impossible, the
given byW™" (i)dF(i)/di. In the overcritical region, in view initial condition to Eq.(16) is obvious. The boundary condi-
of Eq. (7), this yieldsdi/dt=W"(i)B{. As stated in the tion is transferred from the boundary of the near-critical and
Introduction, the dominant growth mechanism is assumed agvercritical regions to the point=0 because near-critical
being the diffusion of atoms from the wetting layer to theislands are small in size and effectively unimportant in the
island under the influence of the elastic stress field arounchaterial balancé?

the island. In this case the attachment r#fé (i) can be The time evolution of superstress is driven by two major
estimated as processes: consumption of atoms from the wetting layer by
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growing islands and arrival of atoms onto the surface frommplies z<0 att<t, andz>0 att>t, . Introducing the
the material flux of deposit. Theoretical models of moleculamew variablex=z—p (x<z), the island size distribution
beam epitax}? assume the effective absence of desorptiortakes the forng(p,t)=g(x) 3(z—X), whered(z—x) is the
on the time scale of interest. In the absence of desorption arstep function andj(x) =g<(£(x)). Following the method of
at low coverage of the surface, the equation of material balRef. 18, the problem of studying the time evolution of the
ance is given by island size distribution and superstress is divided into two
. . separate problems:(i) finding the island size spectrug{x)
heg hof dt’ V(t’)=h+hol(2)f dp p¥%9(p,t), (18) e}ndg(z) in terms of the variables andz and(ii) finding the
0 0 time dependence(t).
According to Eq.(12), the mean lateral size of islands at
timet is given by

wherei=p®? is taken into account. The growth ratein

ML/s is assumed below as being constarttsat, and zero at
t>ty, wherety is the moment of growth interruption. Inte- L. ()= al 2t 23
gral term in the right hand side of E€18) gives the total « (U =alovz(t). 23
volume of islands per unit surface area at tim&he equa- The total volume of islands in terms of the varialzléakes
tion of material balance can be rewritten in terms of superthe form
stress as follows: ,
holg (2 3l

dx(z—x)¥%g(x). (24

heq — 00

d=(+G (19 G(2)=

whereG is the total volume of islands divided intg,, and ) _ S
The exponential dependence of the stationary distribution on

t/t,, O<t<t, superstress enables us to use the following approximations
O(t)= o, t>t,. (200 for g(x) and®(x) near the point of maximum superstré8s:
The time constant,, = hy/hoV is the time required to grow r
an equilibrium wetting layer on a bare substrate. The total 9(x)=gs(P,)exg — =[P, — L], (25
amount of deposited material per unit surface anggt) *
=[®(t)+1]heq- Obviously, the function®d(t) presents the P,
superstress in the absence of nucleatidideal super- d(x)=b, + TCX' (26)
stress’).
Equations(19) and(20) together with Eqs(16) constitute  The parameter
the closed system of equations for the island size distribution
d(p,t) and superstresg(t). An extremely strong exponen- dF
tial dependence of the nucleation rate and stationary size I'=-o, a7 (27)

distribution on superstress and the independence of the (=2,
growth function on island size allows an analytical treatmen

of the system RNi” be considered below as the large parameter of the theory.

The parametec=(I'/®, ) (dd/dX),—o In view of Eg. (22)
) ) ) . o and{, ~®, is given by
C. Analytical solution for the island size distribution

The solution to the evolution equation for the island size r -
distribution can be written in the fortfi'® c= 2t (28)
a(p,t)=0gs([2(t) —p]), (2)  The assumptiord, ~®, will be proved below. At this step,
the characteristics at the point of maximum superstress and
therefore the numerical values of the parameleendc are
undetermined.
Substitution of Eqs(25) and(26) into Eq. (24) results in
e integral equation for the total volume of islands per unit
surface area:

wherez(t) determines the position of the size spectrum in
the p axis at timet. As follows from the equation of material
balance, superstress reaches its maximum at timeshen
the nucleation rate and stationary size distribution are aISﬁ1
maximum. Islands nucleated at tirhg will remain the most
representative in the size spectrum moving alongptfaeis

with rate {/7. Timet, represents the moment of 2D-3D tran- hol 2 , r
sition onset at which the wetting layer has maximum thick- G(z)= 0 Ogs((p*)f dx(z—x)3’2ex;{cx— —G(x)|.
ness, also referred to as the critical thickrn&$he definition eq —o D,
for z(t) according to (29

dz ¢ This equation is valid during the whole nucleation stage.

FTR z(t=t,)=0, (22 Substitution of Eq(26) into Eq. (19) at z=Xx yields

;
. . . _ (I)

selectsz(t) as the most representative size of islands nucle () -, —* ex—G(X), (30)

ated at the critical wetting layer thickness. This definition T
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which is also valid during the whole nucleation stage. Equa-

tion (29) is solved by iterations. In the first approximation,
substitution ofG(x) =0 into the right-hand side of Eq29)
gives the following self-consistent expressions d¢x) and

9s(P):

9(x) =gs( P, )exp(cx—e), (31
4 hg @

D)= ——=—5—c5 32

9s(P,) 3ya ol T (32

The normalization constagt(®, ) is found from comparing
the results of the differentiation of Eq&9) and (30) at z
=0 with employing{’ (0)=0. The dependence of the super-
stress ore at the nucleation stage is given by

o,
{(z)=¢*+?(cz—ecz), (33

providing £, =®, (1-1T)~d, atI'>1.
The surface density of islands is determined by

n(z)= J;dx a(x). (34

Integration of the size distribution given by E@1) results
in
n(z)=N[1-exp —e“)], (35

whereN=g4(®d, )/c is the surface density of islands in the
end of the nucleation stage. As follows from E¢33) and

(35), nucleation of islands takes place on a very short time

scale and is practically finished az~1. At the nucleation

stage, the change in superstress and wetting layer thickness

remains relatively small.

The island size distribution given by E(1) is approxi-
mately symmetric neak=0 and can be presented in the
form of a Gaussian

X2
Axc)’

where Ax=v2/c is the distribution half-width. The nucle-

g(X)=gs(<I>*)exn( - (36)

PHYSICAL REVIEW B 68, 075409 (2003

I'=5InQ, ta%’. (38

The parametef is determined by the ratio of the time of
wetting layer formation and characteristic diffusion time in
the wetting layer under the influence of stress field. This
parameter is very large and normally ranges fromtbQL(P,
providing the validity of the strong inequality>1. As will

be shown below, all characteristics of the island formation
process and island array morphology depend on the system
energetic constants, growth rate, and temperature mainly via
Q. Therefore, the paramet€) serves as the control param-
eter of the model. The definitions foy, and 7 together with
Egs.(6) and(8) provide the following expression fd®:

(1-2)Ae3hy D(T)
kBT VV '
(39

The paramete@ depends on the elastic and wetting energy
of the heteroepitaxial systemhég and V), geometrical
shape of islandfa(6) andz(6)], growth rate, and tempera-
ture approximately a®o«D(T)/VT.

Using Eq.(38), all characteristics of the nucleation stage
are expressed in terms of the parame®rsA, andB. In
particular,

R4
(1—2)\edhy

akolnz

Q=3

3/2

®, =0.245 75 InZq" (40)
At 0.57 "
t= mt* - (41)

30 h,, B2 In%?

12 hy A QO

The timet, of the 2D-3D transition onset equals, t.,. The
time required to grow a wetting layer of critical thickness on
bare substrate equal®( +1)t.,. All analytical expressions
presented in this section apply to the case when growth in-
terruption takes place after the end of the nucleation stage
(to>t, +At). Equations(40—(42) together with Eq.(31)

for the island size distribution complete the analytical de-
scription of the nucleation stage in terms of the varialdes

ation timeAt is the time to form the essential part of the size andx.

spectrum of width Ax—i.e., the time required farto travel
from point —Ax to Ax. Using Eq.(22), the nucleation time
is obtained in the form

2v2

At= T (37)

* 1

which shows that at largE the nucleation process is much

faster than the process of the formation of the critical wetting

layer.

D. Evolution of the mean lateral size of islands

In order to find analytical expressions for the evolution of
the island size distribution and superstress, conside(1=y.
under the assumptionB(t)~®, and

hol2
DONAY,
heg

whereN is the surface density of islands defined in ER).

G()= (43)

The characteristics at maximum superstress are fountdlhe approximationb(t)~®, is valid at the initial stage of

from comparing Eqs(32) and(17) at {=®, , which results
in the algebraic equation fab, . In view of F(®,)>1, the
solution to this equation can be approximated by

growth if the characteristic time of island size relaxation is
much smaller thant, . Equation (43) corresponds to a
&-shaped size distribution which is a reasonable approxima-
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tion after the end of the nucleation stage. A simplified equa- (tht )3 t=<t,,
tion of material balance in view of Eq22) reads L,(t)=Lg 13 (49
(to/t, )13, t>t,.
2
Td_z+ hol NZ2(t) =D, . (44) It should be noted that the island growth law given by Eq.
dt = heq * (49) may be broken at some stage due to the influence of the

] . o ) ] elastic stress field around big islands on the island growth
The solution to this equation is obtained in the form of the ae8-10 gipole-dipole elastic interactions between islands,

=L, /Lg: in the case of Ge/8100) clusteré®], and coalescence pro-
cesses. As these effects are not taken into account in the
t—t, (1+1+1%)172 21+1 T present model of the initial stage of island formation, islands
th In 1—] —Vv3arcta T simply continue to grow, consuming all additional amount of

(45) deposit to maintain the equilibrium wetting layer thickness.
Secondary nucleation is not allowed by the equation of ma-
The mean lateral sizes at the end of the relaxation stage terial balance. The surface density of the islands remains

and relaxation timeég are given by constant after the end of the nucleation stage. The lateral size
continues increasing in time as/, )*® until the growth is
A%2 Q12 interrupted.
Lr=0.22l g5~ Q" (46) The lateral size distributiori(L,t) is found from g(x)
upon returning to the old variablgs andt and using Eg.
(12):
o 1, =0.8219Q At 4
tR—mt*— : QAt. (47) oL
_ _ _ _ _ fLH=—=5z9(L.b),
The time scale hierarchy of nucleation stage, size relaxation (alo)
stage, and stage of critical wetting layer formatidh<tg
<t, follows from Eq.(47) at sufficiently largeQ. g(L,t)=cNexgcx(L,t)—e™LV], (50)

The mean lateral sizeg given by Eq.(46) represents the
characteristic size of coherent islands formed at the initiayvhere
stage of growth. As the nucleation of islands and their further

size relaxation are fast processes compared to the stage of Lfc(t)—L2
critical wetting layer formationL gives a numerical esti- x(L.t)= (al®Z (52)

mate for the typical lateral size of islands, in particular het-

eroepitaxial systems at given growth conditions. Equationshe half-width of the lateral size distribution at the end of
(46) and(42) show that the quantit} L3 weakly depends on the relaxation stage\Lg=(0.4/I?3Q)Lg. Therefore, the
the growth conditions. Therefore, an increase in the lateralelative half-widthAL/Lg is rather small at larg®.

size of islands leads to a decreasing island surface density
approximately as 1.

Further evolution of the mean lateral size is determined
by the moment of growth interruptioty,. If the growth is
interrupted during or soon after the size relaxation stage, Eq. The obtained analytical expressions enable us to find the
(46) gives a final lateral size upon growth interruption. If the dependence of island size and surface density on the growth
exposure time is much |0nger than the moment of growﬂ‘fate and substrate temperature. Below it is assumed for sim-
interruption, the stage of Ostwald ripenfAgvould begin, plicity that islands have similar geometrical shape at differ-
resulting in the growth of bigger islands due to the decay ofnt values of the growth rate and temperature—ie.,
smaller ones. From the equation of material balance at const. In fact, this restriction is not essential and the value

E. Substrate temperature and growth rate dependence
of the surface morphology

O (t)~d, it follows that of the contact angle can be adjusted to the experimental data
at differentV andT, in particular to access the experimen-
(=D, (1-1%1), t=t,. (48)  tally observed effect of decreasing the aspect ratio at a rising

lateral size in InAs/GaAgRefs. 1 and Rand island shape
At the end of the relaxation stage, the superstress goes teansformations in Ge/SRef. 20 heteroepitaxial systems.
zero and the wetting layer thickness to its equilibrium value. The temperature dependence of the diffusion coeffi-
All additional amount of deposit material corresponding tocient can be approximated in Arrhenius ford(T)
the metastable range of the wetting layer thickngss-hy; =Dy exp(—Tp/T), where To,=Ep/kg is the characteristic
is adsorbed by the islands. If the deposition is continued longliffusion temperature ane the activation energy for the
after the end of the relaxation staggs¥t, ), the value oLy stress-driven diffusion. For the control parameter this implies
may be interpreted as the initial condition to Ef9) at the  Q~exp(—Tp/T)/VT. For the mean lateral size and surface
next stage of growth with’~0. The solution for the time density of islands in view of Eq$42) and(46), A«1/T and
evolution of lateral size at this stage is Boc1/T, the resultingy T dependence is given by
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TABLE |. Numerical characteristics of the island formation process.

Stage Characteristic ~ Wetting layer Surface Lateral Size
time thickness density size distribution
() (ML) (cm™? (nm) width (nm)
Growth of equilibrium 47.9 3.35
wetting layer
Growth of critical 73.5 5.1
wetting layer
Nucleation stage 1.52 5.1 %4010
Size relaxation stage 5.7 3.35 x40 25 2.3
exp(—Tp/2T) size approximately as Il?{ and therefore increases with
Lr VBT AINT) —Tg ITT2% (52)  growth rate and decreases with temperature.
L,;3 Ill. RESULTS AND DISCUSSION
N T AT — T 172 63 st i i
n( )= Tp/T] The characteristics of the island formation process were

The constantA is determined by the relationship @y calculated for the vaIue; of parameters presented in Sec. Il A.
—IN(A/VGTo)—Tp /T, at particular reference values © and | e growth rateV was fixed to 0.07 ML/s, cutoff parameter
V,. Therefore, the lateral size decreases with rising growtt{r the elastic stress=10, and diffusion coefficient in the
rate approximately as #2 and increases exponentially with Wetting layerD=1.5x10"2 c/s. The characteristic times
rising substrate temperature. Such a temperature behavior 8f the different stages of growth, equilibrium, and critical
the lateral size is in agreement with the conclusions of th&Vetting layer thickness, island surface density at the end
microscopic model for the diffusion-induced islanding of ©f the nucleation stage, mean lateral size of islands, and

Ref. 21. The surface density of islands relates to the lateraii2€ distribution width at the end of the size relaxation
stage are summarized in Table I. The presented results dem-

onstrate the existence of a time scale hierarchy of different
stages of the island formation process. For the quoted mate-
rial constants and substrate temperature, the paranheter
=50. The obtained numbers for the mean lateral size and
surface density are in agreement with typically observed val-
ues for “hut” clusters in the Ge/$L00 heteroepitaxial
systemt?

The time dependences of the nucleation rate and island
surface density at the nucleation stage are shown in Fig. 3.
As seen from these figures, the nucleation of islands takes
place during the short time intervah{=1.52 s); the surface
density goes to its maximum valué=2.4x 10'° cm ? at

I[1/cm?s]

5x10" |

t[s]

0 24 25 26 27 @
n[1/cm?]
//
2x10"°
4
1x10 191 e
0 10 20 30 40
tfs]
24 25 26 27 FIG. 4. Time dependences of the relative island surface density

®) n(t)/N (1), mean lateral siz&(t) (2), and wetting layer thickness
h(t)/h, (3) at the size relaxation stage. Critical wetting layer thick-
FIG. 3. Time dependences of the nucleation gty (a) and nessh, =5.1 ML, surface density at the end of the nucleation stage
island surface densitg(t) (b) for the parameters described in the N=2.4x 10" cm2, and mean lateral size at the end of the relax-
text. ation stage_g=25 nm.
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N[1/ecm*2]
i) 1D T e
8x1010] e
4 v
e IS //
ex10' 01 /-/ -
oxt0® T |
% 4x1010+- ’/’y’/
ne *)///
1.26 13 1.34 1.38 1000K/T
x10° + :
FIG. 7. Substrate temperature dependence of the island surface
L[nm] densityN. Solid squares are the experimental results of Ref. 22 for

0 o ™ the same temperatures as in Fig. 6.

FIG. 5. Island lateral size distributioi{L t) in cm2x nm at Results presented in Figs. 6 and 7 show that the theoretical
four dif.fer.ent mest—20.9. 34.2 38.5 anél 428 5 conclusions are in a fairly good agreement Wlth the experi-
T I D mental data. Experimental dependences confirm the increase
H’ lateral size with rising substrate temperature and corre-
gponding decrease in island surface density approximately
as 1L3.
It should be noted that the presented model does not ac-
count for several important aspects that might have a consid-
rable effect on the overall system performance. Among
these, island shape relaxatidh, the contribution from a
k[netastable “sea of adatoms” to island formation kinetits,
dipole-dipole elastic interactions of coherent islands via the
esubstraté;5 and the influence of elastic stress field on the
%Iand growth rat& 1 should be mentioned. However, nei-

the end of the nucleation stage and remains constant duri
the size relaxation stage. In all figures, the time montent
=0 relates toh=hg, so that the actual deposition time
equalst+t.. (t,=47.9 s is the time to grow the equilibrium
wetting layer at a growth rate of 0.07 ML/s

The time dependences of the wetting layer thickness an
mean lateral size of islands obtained from Eg®) and(48)
are presented in Fig. 4. It is seen that the wetting layer thic
ness reaches a critical valuetatt, and then gradually de-
creases to its equilibrium value at the size relaxation stag
The mean lateral size of islands reaches its characteristf S i
valueLg=25 nm at the end of the size relaxation stage. Th er .Of thesg G.’ﬁeCtS equudes the p(_335|b|llty of a_de_ta|led
time dependence of the wetting layer thickness is in qualitat inetic description of the island formation process within the

tive agreement with the experimental data and theoretice{fame of classical nucle.at|on theory. Generallzatlor_] of the
calculations of Ref. 11. The time evolution of the island presented approach to include these effects constitutes the

size distribution is calculated by means of E(s0), (51), goal of our f“”hef S“Jd‘es- . .
alr?d (4IS) Iazc; is Idemogstrated yin Fig. 5. It CEO)se(en) that To sum up, a kinetic model of the stress-driven formation

the relative width of the size distribution decreases in timeOf coherent islands in heteroepitaxial systems has been

and is approximately 9% at the end of the size relaxatioﬁj.evemped' T_he odel "?IHOWS a complete apalyupal .des.cnp-
stage. tion of the time evolution of the island size distribution

The theoretical substrate temperature dependence of tl’?@d Wet'tlng Iayer th|cI§ness. It hag be.er.‘ shown that the mean
mean lateral size and island surface density given by Eq%ateral size of islands increases with rising substrate tempera-

(52) and (53) was compared to the results of transmission ure and decreases with rising growth rate. The surface

electron microscopy observations of InAs quantum dotsdensity of islands decreases with rising lateral size. These

) theoretical conclusions agree well with the experimental
on a GaA$100) surface grown at different temperatuf@s. . 4 S .
€100 g P data and previous theoretical findings. The model predicts

realistic values for the lateral size and surface density which
Hinml also do not conflict with the experimental results. Despite
. 520C the simplicity of the obtained expressions, they might give
22 7T W a way for tuning the operating wavelength of optical devices
* based on quantum dot heterostructures by changing the
technologically controlled parameters of the deposition
P process.
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