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Critical cluster size of InAs quantum dots formed by Stranski–Krastanow
mode

Ken-ichi Shiramine,a) Tomohiko Itoh, and Shunichi Muto
Department of Applied Physics, Hokkaido University, Sapporo 060-8628, Japan

~Received 8 July 2003; accepted 5 January 2004; published 10 March 2004!

The number of In atoms in a critical cluster,i * , in Stranski–Krastanow~S–K! mode of InAs islands
was determined to be 1–10. Thei * was determined using an activation energyEA of 2.0 eV
determined from an Arrhenius plot of the saturated density of InAs islands formed on a GaAs~001!
surface by S–K mode of molecular beam epitaxy@K. Shiramineet al., J. Cryst. Growth242, 332
~2002!#, and an activation energy of 1.6 eV for migration~surface diffusion! of In adatoms, inferred
from other references. The common value;2.0 eV ofEA in S–K mode was ascribed to the small
i * . © 2004 American Vacuum Society.@DOI: 10.1116/1.1651113#
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I. INTRODUCTION

In Stranski–Krastanow~S–K! mode in molecular beam
epitaxy ~MBE!, the initial two-dimensional~2D! growth
~layer growth! and subsequent 3D growth~island growth!
produce a wetting layer and islands, respectively.1 The is-
lands are coherent and defect free. They are regarded as
organized quantum dots because they show quantum-siz
fects. Therefore, they are expected to yield novel optical
electronic devices. The growth of 2 monolayers~MLs! of
InAs on GaAs, discussed in the present article, is a typ
S–K mode.

In the present study, we will determine thecritical cluster
size in S–K mode. The critical cluster is important in th
nucleation of crystal growth; the formation of a critical clu
ter is assumed to be the nucleation of an island~‘‘cluster’’ is
used as a synonym of ‘‘island’’!. The concept of critical clus-
ters in the capillarity model,2 in which surface energy is con
sidered, can be explained as shown in Fig. 1, where the
free energyG of a 3D island is given as a function of it
radius r . G increases with increasingr for r ,r * and de-
creases forr .r * . A critical cluster is an island for whichr
is r * , while metastable and stable clusters are islands
which r ,r * and r .r * , respectively. Metastable cluste
tend to disappear because becoming smaller is energeti
favorable. On the other hand, stable clusters tend to g
larger because growing larger is energetically favorable.
most all the islands that grow beyond a critical cluster gr
larger. The critical cluster sizei * , i.e., the number of atom
which compose a critical cluster, dominates nucleation.
spite of this, only a few reports in whichi * for S–K mode is
discussed quantitatively have been published.3,4 Here we will
determinei * in S–K mode from the activation energy, re
ported already, determined from an Arrhenius plot of t
saturated density of islands.

The authors have already reported the saturated densi
InAs S–K islands as a function of growth temperatureTs .5

The activation energyEA determined from the Arrhenius plo
of the density was 2.0 eV, where the saturated densityNs is
expressed asNs}exp@EA /(kBTs)# and kB is the Boltzmann

a!Electronic mail: shira@eng.hokudai.ac.jp
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constant. Values ofEA for S–K mode reported in othe
article3,6–12 are also;2.0 eV, as pointed out in Ref. 5, a
though the origin of this commonEA has yet to be explained
Here we will analyze the same experimental results usin
more precise theory to elucidate the origin of the comm
EA .

In the present article,i * and the binding energy of a criti
cal cluster,Ei* , is discussed based onEA of 2.0 eV and the
activation energy for adatom migration~surface diffusion!,
Ediff , of 1.6 eV. Ediff of 1.6 eV for In adatoms is inferred
from experimental data for Ga adatoms. The relationship
tweeni * andEi* is obtained fromEA andEdiff using Frankl
and Venables’ theory.13 We conclude thati * is 1–10~In at-
oms only!. The common value;2.0 eV of EA for S–K is-
lands is ascribed to the smalli * .

II. EXPERIMENTAL AND RESULTS

Crystal growth was carried out by MBE. 2 monolayers
InAs were grown on a GaAs~001! substrate at growth tem
peraturesTs of 450– 530 °C. The surface was observed
atomic force microscopy~AFM! in air. The area density o
the InAs S–K islands was determined from AFM images
a function ofTs . Details of the experiments have been pu
lished elsewhere.5

Figure 2 shows an Arrhenius plot of the island dens
obtained.5 The density decreases with an increase inTs . The
decrease is produced by an increase in the diffusion lengt
adatoms withTs .5–12 The activation energyEA determined
from the Arrhenius plot was 2.0 eV from the slope of th
fitted line ~Fig. 2!. The results agree with those of oth
studies on S–K islands:3,6–11 the density decreases with a
increase inTs , andEA is ;2.0 eV.5,14

III. DISCUSSION

A. Expression for saturated density of islands

We discuss the expression for the saturated density
islands. Islands of metals formed by vacuum evaporat
were the focus of study in the 1960s and 1970s.15 Theories
on the nucleation of metal islands published in those d
6424Õ22„2…Õ642Õ5Õ$19.00 ©2004 American Vacuum Society
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643 Shiramine, Itoh, and Muto: Critical cluster size of InAs quantum dots 643
can be applied to S–K islands. Frankl and Venables h
considered the saturation of island density caused by
depletion of adatoms;13 we conclude that their theory is ap
propriate for use in the analysis of the nucleation of S
islands.

The nucleation theory gives us an expression for the s
rated density of islands; we should consider the origin of
saturation of island density to determine whether the the
is applicable to S–K mode or not. The saturation in the th
ries is caused by:~i! the coalescence of islands and~ii ! the
depletion of adatoms. A density saturation of S–K island
believed to be caused by an adatom depletion due to
capture of adatoms by islands. Here we have not consid
the possibility of saturation by coalescence. Indeed,
large incoherent islands are observed in 2 ML growth
InAs on GaAs although the density is saturated.

Many research groups have suggested expressions fo
saturated island density. Here we consider only comp
condensation, in which all incident atoms contribute
growth and no atoms desorb from the surface, beca
growth conditions of MBE are usually set so that compl
condensation occurs. Stowell and Hutchinson have sh
the expressionNs}exp$(Ei*1i*Ediff)/@( i * 1 5

2)kBTs#% for the
saturation caused by the coalescence of 3D islands and
expression Ns}exp$(Ei*1i*Ediff)/@( i * 12)kBTs#% for the
saturation caused by the coalescence of 2D islands16,17

These expressions cannot be applied to S–K islands bec
they are for the saturation due to coalescence.

Frankl and Venables have suggested an expression u
island density for the saturation caused by the depletion
adatoms;13 in the saturation caused by depletion, incide
atoms are caught by existing islands and do not nucle
They deduced the expression by solving rate equations fo
island density under the following assumptions:~i! an inci-
dent atom must condense, and it is never desorbed from

FIG. 1. Schematic graph of the total free energyG, the volume free energy
Gv , and the surface free energyGs of a 3D island as a function of its radiu
r , whereG5Gv1Gs , Gv}2r 3, andGs}r 2.
JVST B - Microelectronics and Nanometer Structures
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surface;~ii ! adatoms are distributed uniformly on the surfac
~iii ! i * has a constant value;~iv! a stable cluster is absolutel
stable and atoms never detach from it; and~v! islands
smaller than a critical cluster are in quasi equilibrium, i.
the size distribution of islands is considered. Frankl a
Venables13 proposed the expression for saturated densityNs :

Ns5F s i* Ci* N0
2

~ i * 12!ss
i* 12 S J

n D i* 11G 1/(i* 13)

3expFEi* 1~ i * 11!Ediff

~ i * 13!kBTs
G , ~1!

whereN0 is the density of adatom sites on the surface,J is a
flux of atoms incident on the surface,n is the vibration fre-
quency of adatoms,Ei* is the binding energy of a critica
cluster, i.e., the energy required to decompose a critical c
ter into single adatoms (Ei* has a positive value!, Ci* is a

constant given byCi* 5) j 52
i* (s j 21 /s j8) ~we haveCi* 51

for i * 51), s j is the capture number of aj cluster,ss is the
averages j for stable clusters, ands j8 is the dissociation
number of aj cluster. Then,s j is the sum of the probability
of jumping into a captured position over all adjacent sit
ands j8 is the sum of the fraction of possible jump directio

FIG. 2. Arrhenius plot of S–K island density:~s! 2 ML InAs/GaAs~Ref. 5!;
~h! 1.74 ML InAs/GaAs~Ref. 6!; ~n! 6 ML InAs/GaAs ~Ref. 7!; ~1!: 12
ML In0.6Ga0.4As/GaAs ~Ref. 8!; ~3! GaSb/GaAs~Ref. 9!; ~L! 2.5 ML
In0.5Ga0.5As/GaAs metalorganic chemical vapor deposition~MOCVD! ~Ref.
10!; ~,! 3.5 ML InP/GaAs MOCVD~Ref. 11!; and ~�! 10 nm InAs/GaAs
MOCVD ~Ref. 3!. Data for Volmer–Weber islands:~d! 1 ML InAs/GaP
~Ref. 12! are also shown for comparison. All data are for MBE except d
~L, ,, and�! for MOCVD. The solid line is a fitted line for data of 2 ML
InAs/GaAs~s!. From the slope of the line, activation energyEA was deter-
mined to be 2.0 eV. Two data points for higher temperature were omitte
the fitting because In desorption was believed to have occured. The br
line shows a slope corresponding toEA of 3.2 eV~see Sec. III D!. The figure
is a reproduction of Figs. 2 and 3 in Ref. 5. Some data (3 and�! have been
added.
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that carry the atom out of the cluster over the minima
bonded atoms. We can apply Eq.~1! to the Arrhenius plot of
the InAs S–K island density~Fig. 2! because the density o
islands is saturated at;2 ML.18 Here the number of atoms i
defined as the number of In atoms because the motio
group III atoms dominates the growth of III/V compoun
semiconductors. The assumption of complete condensati
also applied to In atoms only.

Equation~1! was deduced by a more precise theory th
that described in the former article:5 it was obtained by solv-
ing rate equations considering the size distribution of isla
@assumption~v!# which was ignored in Ref. 5. In the prev
ous study, the experimental results were analyzed usin
model19 in which island density is defined by the diffusio
length of adatoms.6–12Although the concept of the model i
correct for the nucleation of S–K islands, at least qual
tively, the conclusions obtained using the model were
satisfactory quantitatively:Ediff obtained was an unexpec
edly large value, i.e., 4.0 eV. We can expect to obtain
consistent explanation for the same experimental results
ing Eq. ~1!.

Stowell deduced the same equation as Eq.~1! except for
numerical factors considering depleted regions of adato
around stable clusters due to capture.20 It is noteworthy that
Stowell’s equation, deduced by assuming depletion, is
same as Eq.~1!, deduced by assuming a uniform distributio
of adatoms.15

B. Applicability of the model to S–K mode

Here we consider whether we can apply Frankl and V
ables’ model~Sec. III A! to island nucleation in S–K mod
of InAs/GaAs growth. We consider:~i! the applicability of
the model in which Volmer–Weber mode is assumed to S
mode; ~ii ! the validity of the assumption that atoms do n
detach from stable islands;~iii ! the self-size-limiting effect;
~iv! the effect of strain; and~v! the effect of interdiffusion
between the epilayer and the substrate.

First, the model is applicable to island growth in S–
mode. Epitaxial growth by MBE, including island growth
S–K mode, can be well described by the picture
adatoms.21 In the adatom picture, an incident atom is a
sorbed by the surface, migrates on the surface, and is t
into the crystal at a low-energy site, i.e., a step site or a k
site. The behavior of adatoms is well explained in terms
Ediff and Edes in the adatom picture. Frankl and Venable
model fits the adatom picture well. Therefore, the model
scribes the island growth of S–K mode well.

Second, the density obtained under the assumption
atoms do not detach from stable islands is close to the ac
value. In actual growth, atoms can detach from stable
lands. However, detachment should not markedly affect
density, unless islands disappear. The adatom density
increase because of the detachment of atoms from stab
lands, and the change in adatom density may affect the is
density. If this is the case, the effect should be small.

Third, the self-size-limiting effect does not affect the de
sity. Although the size of islands is known to be limite
automatically in S–K mode, the effect occurs only in lar
J. Vac. Sci. Technol. B, Vol. 22, No. 2, Mar ÕApr 2004
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islands of which diameter is about 30 nm or longer.22 The
effect should not be notable in nucleation because a crit
cluster consists only of a few atoms, as discussed later.
adatom density may increase because adatoms cannot a
to large islands due to the self-size-limiting effect; the isla
density is generally a function of adatom density. Howev
this does not markedly affect the island density since
self-size-limiting effect occurs after the density is almo
saturated because the effect works only on large islands

Fourth, strain does not affect the density. If nucleation
caused by the assembly of adatoms, as is assumed in
adatom picture, the role of strain is merely to supply lo
potential sites on the tops of islands after nucleation. T
tops of islands are relaxed, and the potential energy of
adatom is lower there.

Finally, the effect of interdiffusion between the epilay
and the substrate should be considered. Interdiffusion
known to occur in island growth of S–K mode23 although
the details are unknown. Interdiffusion probably occurs af
islands are formed and is not notable in the initial stage
island formation. Hence, the effect of interdiffusion on t
density should be small.

C. Activation energy for migration of adatoms Ediff

We must knowEdiff to discussi * of InAs S–K islands
based on Eq.~1!. Ediff for an In adatom has not yet bee
reported. Here, we will infer it from the activation energ
Ediff(Ga) for migration of Ga adatoms on GaAs. We shou
carefully evaluate reported values ofEdiff(Ga) and their de-
termination methods, because various values ofEdiff(Ga)
have been reported and there is no single widely acce
value. We obtainEdiff(Ga) of 1.8 eV from the following
values reported: (Edes(Ga)2Ediff(Ga))/2 of 0.34 eV~Ref.
24! andEdes(Ga) of 2.5 eV~Ref. 25!, whereEdes(Ga) is the
activation energy for Ga adatom desorption. As a result,Ediff

for In is determined to be 1.6 eV.
Shitara and Nishinaga have determined the diffus

lengthls of Ga adatoms as a function ofTs .24 The activa-
tion energy ofls was determined to be 0.34 eV. The activ
tion energy obtained was (Edes(Ga)2Ediff(Ga))/2 because
ls is the distance from incidence to desorption of
adatom, i.e., ls5ADsts5a exp@(Edes(Ga)2Ediff(Ga))/
(2kBTs)#, where Ds is the surface diffusion constantDs

5na2 exp@2Ediff(Ga)/(kBTs)#, ts is the resident time of an
adatom on the surfacets5n21 exp@Edes(Ga)/(kBTs)#, anda
is the distance between nearest-neighbor sites of adatom

Sugiyamaet al. determinedEdes(Ga) from the growth
rate of GaAs as a function ofTs .25 The activation energy of
sublimation of a Ga atom from GaAs was determined to
4.9 eV, and the activation energy for the desorption of
excess Ga atom from the GaAs surface was determined t
2.5 eV.

Here we use the activation energy of 2.5 eV reported
Sugiyamaet al.25 as Edes(Ga). Values of the activation en
ergy for the sublimation of GaAs, reported to date,26–28 fall
in the vicinity of one of two values, i.e.,;2.5 and;4.9 eV.
The heat of sublimation of GaAs with the production of A2
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645 Shiramine, Itoh, and Muto: Critical cluster size of InAs quantum dots 645
is 4.7 eV and that with the production of As4 is 4.1 eV~Table
I!. The activation energy of 2.5 eV can be ascribed to
sublimation of a Ga adatom, and that of 4.9 eV can be
cribed to the sublimation of GaAs with the production of A2

~we can assume the activation energy for sublimation to
the same as the heat of sublimation!.

Now we can determineEdiff . We obtainedEdiff(Ga) of
1.8 eV from the (Edes(Ga)2Ediff(Ga))/2 of 0.34 eV, and the
Edes(Ga) of 2.5 eV. We determineEdiff for In to be 1.6 eV by
scaling theEdiff(Ga) of 1.8 eV to bond energies of GaAs an
InAs per bond, i.e., 1.659 and 1.516 eV, respectively~see
Table I; N.B., InAs and GaAs have four bonds per III–
atomic pair!.

D. Critical cluster size i *

We determinei * in S–K mode of InAs islands to be 1–1
from the EA of 2.0 eV and theEdiff of 1.6 eV, usingEi*
inferred from thermodynamical data and Eq.~1!. The com-
mon value;2.0 eV of EA in S–K mode is ascribed to th
small i * .

Now we are ready to discussi * andEi* . From Eq.~1!,
we have

Ei* 1~ i * 11!Ediff

i * 13
5EA . ~2!

Using theEA of 2.0 eV~Fig. 2! and theEdiff of 1.6 eV~Sec.
III C !, we obtain

Ei* 5~0.4i * 14.4! ~eV!. ~3!

We try to obtaini * from Eq. ~3! by assuming an appro
priate value ofEi* .

Let us infer Ei* from thermodynamical data. Here w
obtain Ei* from the heat~enthalpy! necessary to dissociat
bulk InAs into single adatoms. We accept 1.6 eV per In–
atomic pair asEi* ; it is the heat necessary to dissocia
InAs~solid! into In~solid! and 1

2As2(gas) ~Table I!. We as-
sumed that the dissociated state consists of In~solid! and
As2(gas) because the heat of adsorption of Ga adatoms
eV per atom~Sec. III C!, is nearly equal to the heat of sub
limation of Ga~solid!, 2.8 eV per atom~Table I!. We assumed
As2(gas), not As4(gas), because the sublimation of GaAs
ascribed to that with the production of As2(gas) ~Sec. III C!.

TABLE I. Heat of reaction obtained from the enthalpy of formation at 298
K and 100 kPa in Refs. 29 and 30. All reactions are endothermic. ‘‘(s)’’ a
‘‘(g)’’ mean solid and gas, respectively, and In~g! and As~g! mean mono-
atomic gas.

Reaction

Heat of reaction

(kJ mol21) ~eV!

Ga(s)→Ga(g) 272.0 2.819

GaAs(s)→Ga(g)1
1
2As2(g) 449.0 4.654

GaAs(s)→Ga(g)1
1
4As4(g) 395.1 4.095

GaAs(s)→Ga(g)1As(g) 640.2 6.636
InAs(s)→In(g)1As(g) 585.0 6.064

InAs(s)→In(s)1
1
2As2(g) 153.1 1.587
JVST B - Microelectronics and Nanometer Structures
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The dissociated state assumed is that in which In is on
surface as adatoms and As is weakly bonded to the surfac
As2(gas).

We can conclude thati * is 1–10 from the following view-
points.

First, we determinei * to be 4 assuming theEi* of 1.6 eV
per In–As atomic pair. We haveEi* 5 i * 31.6 (eV) if we
assume that the binding energy per In–As atomic pair for
island is the same as that for the bulk. TheEi* providesi * of
4 using Eq.~3!. Here we neglected surface effects; theEi*
obtained is overestimated because an atom on the surfa
an island has fewer bonds than a bulk atom.

Second, apart from 1.6 eV, we obtaini * of 1–4 by apply-
ing a simple ‘‘ball and stick’’ model to critical clusters. Her
we consider a simple model in which the bond energy
islands is the same as that in the bulk and all the In–
atomic pairs in an island have the same number of bond
the range of 1–4. In the model, the number of bonds
In–As atomic pair,nbond, that are broken in the dissociatio
of an island into adatoms is 1, 2, or 3 because an ada
should have at least one bond. Because the bond energ
InAs is 1.5 eV per bond, which is obtained from the heat
atomization of 6.1 eV per In–As atomic pair in InAs~Table
I!, we haveEi* 5 i * nbond31.5 (eV).Ei* and Eq.~3! give i *
of 4 for nbond51, i * of 2 for nbond52, and i * of 1 for
nbond53.

Third, there might be some inconsistency between the
perimental results and theoretical expectations if we ass
large i * . We should consider, from the discussions abo
the possibility thatEA has a nearly constant value indepe
dent of i * , based on Eq.~2!. The reason is as follows. As
sume thati * is large. ThenEi* is proportional toi * . Here
Ei* is expressed byEi* 5 i * Ebind, whereEbind is the binding
energy of an island per In–As atomic pair; then, we have

EA5
i * Ebind1~ i * 11!Ediff

i * 13
→Ebind1Ediff , ~4!

when i * →`. In this case,EA has a constant value, and w
cannot obtaini * from EA . Consider this point. If we assum
that i * is large and Ebind51.6 (eV), i.e., Ei* 5 i *
31.6 (eV), we haveEA of approximately 3.2 eV from the
Ediff of 1.6 eV and Eq.~4!. The EA of 3.2 eV leads to a
definitely steeper slope of the Arrhenius plot of the isla
density than the slope obtained experimentally (EA of 2.0
eV!, as shown in Fig. 1. Hence, there might be inconsiste
if i * is large. Consequently, we can reasonably conclude
i * is small.

Now we are ready to state the value ofi * . We conclude
that i * is 1–10~here we count In atoms only!. Values ofi *
reported in Refs. 3 and 4 are consistent with thei * deter-
mined in the present study.

As mentioned previously, S–K mode shows the comm
value of;2.0 eV for EA for various materials, thicknesse
and growth conditions~Fig. 2!. We obtained thei * of 1–10
from the EA of 2.0 eV for InAs S–K islands. We infer, by
analogy, thati * ’s also have similar values for S–K mode
Consequently, we ascribe the commonEA to the smalli * .
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646 Shiramine, Itoh, and Muto: Critical cluster size of InAs quantum dots 646
We cannot completely exclude the possibility that act
values ofEi* andEdiff are different from those used abov
Different Ei* andEdiff bring differenti * .

First, we considerEi* . Here we assume that critical clus
ters are 2D islands becausei * obtained above is small. The
Ei* per atom is the binding energy of an atom at step ed
Itoh et al. reported that the binding energy of a Ga atom
step edge is 0.25–0.32 eV timesn in GaAs growth,31 where
n is an in-plane coordination number of the atom. We obt
Ei* of 0.46–0.58 eV per In atom assuming that the bind
energy for adatoms is proportional to that for bulk, as
sumed above, andn52. TheEi* is notably smaller than 1.6
eV per In atom used above.

Second, some authors have reported various value
Ediff(Ga). Shitaraet al. reproduced results of reflection hig
energy electron diffraction measurements of GaAs growth
the Monte Carlo simulations.32 They reportedEdiff(Ga) of
1.58 eV. We obtainEdiff of 1.44 eV, which is close to 1.6 eV
used above, assuming that the binding energy for adatom
proportional to that for bulk. Thibadoet al.measured islands
in GaAs growth by scanning tunneling microscopy and
ported thatEdiff(Ga) is between 1.7 and 2.3 eV.33 This may
lead to a different conclusion ifEdiff(Ga) is close to 2.3 eV

Third, Ishii et al. obtainedEdiff by the first-principles mo-
lecular dynamics calculation and reported that the activa
energy for migration of In adatoms on InAs is half of that
In adatoms on GaAs.34 If we include the effect, we probably
obtain differenti * .

In conclusion, the number of In atoms in a critical clus
for S–K mode of InAs islands,i * , was determined to be
1–10 from the activation energyEA of 2.0 eV determined
from the Arrhenius plot of the InAs island density. The com
monEA value of;2.0 eV in S–K mode was ascribed to th
small i * .
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