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

Ken-ichi Shiramine,® 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 clustéf, in Stranski—KrastanoWS—K) mode of InAs islands
was determined to be 1-10. Th& was determined using an activation enefgy of 2.0 eV
determined from an Arrhenius plot of the saturated density of InAs islands formed on a(@alAs
surface by S—K mode of molecular beam epit@Ky Shiramineet al.,, J. Cryst. Growti242 332
(2002], and an activation energy of 1.6 eV for migrati@urface diffusionof In adatoms, inferred
from other references. The common valu@.0 eV of E, in S—K mode was ascribed to the small
i*. © 2004 American Vacuum SocietyDOI: 10.1116/1.1651113

[. INTRODUCTION constant. Values ok, for S—K mode reported in other
article*®~? are also~2.0 eV, as pointed out in Ref. 5, al-
though the origin of this commol, has yet to be explained.
Here we will analyze the same experimental results using a
more precise theory to elucidate the origin of the common

In Stranski—KrastanowS—K) mode in molecular beam
epitaxy (MBE), the initial two-dimensional(2D) growth
(layer growth and subsequent 3D growtfisland growth
produce a wetting layer and islands, respectivelje is-
lands are coherent and defect free. They are regarded as se"?fe' e . .

: . In the present articla;” and the binding energy of a criti-
organized quantum dots because they show quantum-size ef- o
i . al clusterE;« , is discussed based @) of 2.0 eV and the
fects. Therefore, they are expected to yield novel optical ané\ctivation energy for adatom migratigsurface diffusion
electronic devices. The growth of 2 monolayékdLs) of 9y 9

InAs on GaAs, discussed in the present article, is a typicafdi“’ of 1.6 eV.Eqy of 1.6 eV for In adatoms is inferred
S—K mode. rom experimental data for Ga adatoms. The relationship be-

. . - tweeni* andE;« is obtained fronE, andE i using Frankl
In the present study, we will determine tbetical cluster ) <
0 . o . and Venables’ theor§? We conclude that* is 1-10(In at-
sizein S—K mode. The critical cluster is important in the

) ) . - oms only. The common value-2.0 eV of E, for S—K is-
nucleation of crystal growth; the formation of a critical clus- . . .
: i . . lands is ascribed to the smafi.
ter is assumed to be the nucleation of an islétuster” is
used as a synonym of “island” The concept of critical clus-
ters in the capillarity modéljn which surface energy is con- |I. EXPERIMENTAL AND RESULTS
sidered, can be explained as shown in Fig. 1, where the total
free energyG of a 3D island is given as a function of its

. . o . "
radiusr. G lncieases_ \.N'th increasing fqr r<r® and _de peraturesT¢ of 450—530°C. The surface was observed by
creases for>r*. A critical cluster is an island for which . . T .
. ) . atomic force microscopyAFM) in air. The area density of
is r*, while metastable and stable clusters are islands fo : : .

he InAs S—K islands was determined from AFM images as

which r<r* and r>r*, respectively. Metastable clusters . : ;
) ; . : function ofTs. Details of the experiments have been pub-
tend to disappear because becoming smaller is energetlcafl?l)éhed elsewherd

favorable. On the other hand, stable clusters tend to grow

larger because growing larger is energetically favorable. Al- Figure 2 shows an Arrhenius plot of the island density
9 9 glarg 9 Y " "“obtained The density decreases with an increas&jn The

most all the islands that grow beyond a critical cluster grow : ! . e
larger. The critical cluster siz€, i.e., the number of atoms decrease 1S produced by an increase in the diffusion !ength of
' o adatoms withT.>~1? The activation energ¥, determined

which compose a critical cluster, dominates nucleation. Iq‘rom the Arthenius plot was 2.0 eV from the slope of the
spite of this, only a few reports in whidh for S—K mode is fitted line (Fig. 2). The results agree with those of other

d|scuss_ed_9ugnt|tat|vely have been publl_sﬁé_di.ere wewill o dies on S—K island® the density decreases with an
determinei* in S—K mode from the activation energy, re- . . . 514
increase inTg, andE, is ~2.0 eV>

ported already, determined from an Arrhenius plot of the
saturated density of islands.

The authors have already reported the saturated density ¢f. DISCUSSION
InAs S—K islands as a function of growth temperatilice®
The activation energi , determined from the Arrhenius plot
of the density was 2.0 eV, where the saturated dersitis We discuss the expression for the saturated density of
expressed ad xexdEn/(ksTg)] and kg is the Boltzmann islands. Islands of metals formed by vacuum evaporation

were the focus of study in the 1960s and 19*08heories
dElectronic mail: shira@eng.hokudai.ac.jp on the nucleation of metal islands published in those days

Crystal growth was carried out by MBE. 2 monolayers of
InAs were grown on a GaA&O01) substrate at growth tem-

A. Expression for saturated density of islands
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Fic. 1. Schematic graph of the total free enefgythe volume free energy 10 1.0 12 14 3
G, , and the surface free ener@y of a 3D island as a function of its radius ) ) ' 1.6x10
r, whereG=G,+G,, G,x—r? andGgxr2. Ts'1 (K"

Fic. 2. Arrhenius plot of S—K island density©) 2 ML InAs/GaAs(Ref. 5;
i . () 1.74 ML InAs/GaAs(Ref. 6); (A) 6 ML InAs/GaAs (Ref. 7); (+): 12
can be applied to S—K islands. Frankl and Venables havgiL in,Ga, As/GaAs (Ref. 8; (x) GasSb/GaAs(Ref. 9; (O) 2.5 ML

considered the saturation of island density caused by the,:Ga, As/GaAs metalorganic chemical vapor depositiMOCVD) (Ref.
depletion of adatom& we conclude that their theory is ap- 19; (V) 3.5 ML InP/GaAs MOCVD(Ref. 11; and (&) 10 nm InAs/GaAs

. . . . _MOCVD (Ref. 3. Data for Volmer—Weber island$®) 1 ML InAs/GaP
propriate for use in the analySIS of the nucleation of S K(Ref. 12 are also shown for comparison. All data are for MBE except data

islands. (0, v, andd) for MOCVD. The solid line is a fitted line for data of 2 ML
The nucleation theory gives us an expression for the satunAs/GaAs(O). From the slope of the line, activation enefy was deter-
rated density of islands; we should consider the origin of thé“i”‘]f_d_to bt? 2.0 eV-ITVchO data points fobf fl‘_igheé fe";Pefamfe WeéeTOr:“itée"ki”
. . . . the fitting because In desorption was believed to have occured. e proken
,Saturat,lon of island density to determine Whe_thelf the theor}{;e shows a slope correspondinglg of 3.2 eV(see Sec. Il . The figure
is applicable to S—K mode or not. The saturation in the theoss 4 reproduction of Figs. 2 and 3 in Ref. 5. Some dataandf) have been
ries is caused by(i) the coalescence of islands afid the  added.

depletion of adatoms. A density saturation of S—K islands is

believed to be caused by an adatom depletion due to therfaceii) adatoms are distributed uniformly on the surface;
capture of adatoms by islands. Here we have not consideregl) j* has a constant valuéy) a stable cluster is absolutely
the possibility of saturation by coalescence. Indeed, fewstaple and atoms never detach from it: afd islands
large incoherent islands are observed in 2 ML growth ofsmaller than a critical cluster are in quasi equilibrium, i.e.,
InAs on GaAs although the density is saturated. the size distribution of islands is considered. Frankl and

Many research groups have suggested expressions for tignables® proposed the expression for saturated derisity
saturated island density. Here we consider only complete .
J) P* +11 U(i* +3)

O-i*Ci* ch)

condensation, in which all incident atoms contribute to
(i*+2)ol T2\

growth and no atoms desorb from the surface, because Ns=
growth conditions of MBE are usually set so that complete
condensation occurs. Stowell and Hutchinson have shown Eix + (i* + 1)Egi
the expressioi e expl(Eix +i* Eqir) /[ (i* + %)kBT_S]} for the X F{ (i +3)kaTs
saturation caused by the coalescence of 3D islands and the
expression Ngxexp{(E« +i* Eqi) /[ (i* +2)kgTs]} for the whereNj is the density of adatom sites on the surfates a
saturation caused by the coalescence of 2D isldhtls. flux of atoms incident on the surface,is the vibration fre-
These expressions cannot be applied to S—K islands becaugdency of adatomsE;« is the binding energy of a critical
they are for the saturation due to coalescence. cluster, i.e., the energy required to decompose a critical clus-
Frankl and Venables have suggested an expression usifi@f into single adatomsEﬁ_t has a positive valyeCi« is a
island density for the saturation caused by the depletion ofonstant given bﬁi*:H}=2((rj,1/aj’) (we haveC;x=1
adatoms?® in the saturation caused by depletion, incidentfor i* =1), a; is the capture number of jacluster,o is the
atoms are caught by existing islands and do not nucleateverageo; for stable clusters, and-j’ is the dissociation
They deduced the expression by solving rate equations for amumber of g cluster. Theng; is the sum of the probability
island density under the following assumptiofig:an inci-  of jumping into a captured position over all adjacent sites,
dent atom must condense, and it is never desorbed from trend g is the sum of the fraction of possible jump directions

: ()
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that carry the atom out of the cluster over the minimallyislands of which diameter is about 30 nm or lonffehe
bonded atoms. We can apply Ed) to the Arrhenius plot of effect should not be notable in nucleation because a critical
the InAs S—K island densit{Fig. 2) because the density of cluster consists only of a few atoms, as discussed later. The
islands is saturated at2 ML.*® Here the number of atoms is adatom density may increase because adatoms cannot attach
defined as the number of In atoms because the motion db large islands due to the self-size-limiting effect; the island
group Il atoms dominates the growth of 1lI/V compound density is generally a function of adatom density. However,
semiconductors. The assumption of complete condensation itkis does not markedly affect the island density since the

also applied to In atoms only. self-size-limiting effect occurs after the density is almost
Equation(1) was deduced by a more precise theory tharsaturated because the effect works only on large islands.
that described in the former artictét was obtained by solv- Fourth, strain does not affect the density. If nucleation is

ing rate equations considering the size distribution of islandsaused by the assembly of adatoms, as is assumed in the
[assumption(v)] which was ignored in Ref. 5. In the previ- adatom picture, the role of strain is merely to supply low-
ous study, the experimental results were analyzed using jgotential sites on the tops of islands after nucleation. The
model® in which island density is defined by the diffusion tops of islands are relaxed, and the potential energy of an
length of adatom8-12 Although the concept of the model is adatom is lower there.

correct for the nucleation of S—K islands, at least qualita- Finally, the effect of interdiffusion between the epilayer
tively, the conclusions obtained using the model were noaind the substrate should be considered. Interdiffusion is
satisfactory quantitativelyEy obtained was an unexpect- known to occur in island growth of S—K motfealthough
edly large value, i.e.,, 4.0 eV. We can expect to obtain ahe details are unknown. Interdiffusion probably occurs after
consistent explanation for the same experimental results usslands are formed and is not notable in the initial stage of
ing Eq. (1). island formation. Hence, the effect of interdiffusion on the

Stowell deduced the same equation as @g.except for  density should be small.
numerical factors considering depleted regions of adatoms
around ,stable cllusters due to capttftét i; notewortr_ly thgt C. Activation energy for migration of adatoms o
Stowell’'s equation, deduced by assuming depletion, is the
same as Eq1), deduced by assuming a uniform distribution ~ We must knowEgj to discussi* of InAs S—K islands
of adatomg® based on Eq(1). E4x for an In adatom has not yet been
reported. Here, we will infer it from the activation energy
Eqix(Ga) for migration of Ga adatoms on GaAs. We should

Here we consider whether we can apply Frankl and Venearefully evaluate reported values Bfz(Ga) and their de-
ables’ model(Sec. Il A) to island nucleation in S—K mode termination methods, because various valuesEgf(Ga)
of InAs/GaAs growth. We considefi) the applicability of have been reported and there is no single widely accepted
the model in which Volmer—Weber mode is assumed to S—Kalue. We obtainEy;(Ga) of 1.8 eV from the following
mode; (i) the validity of the assumption that atoms do notvalues reported: K .{ Ga)— Eg4#(Ga))/2 of 0.34 eV(Ref.
detach from stable island§iji) the self-size-limiting effect; 24) andE .{Ga) of 2.5 eV(Ref. 25, whereE . Ga) is the
(iv) the effect of strain; andv) the effect of interdiffusion activation energy for Ga adatom desorption. As a resiyt,
between the epilayer and the substrate. for In is determined to be 1.6 eV.

First, the model is applicable to island growth in S—K  Shitara and Nishinaga have determined the diffusion
mode. Epitaxial growth by MBE, including island growth in length\ of Ga adatoms as a function @f.?* The activa-
S—-K mode, can be well described by the picture oftion energy of\g was determined to be 0.34 eV. The activa-
adatomsg?! In the adatom picture, an incident atom is ad-tion energy obtained wasE(.d Ga)— Egi(Ga))/2 because
sorbed by the surface, migrates on the surface, and is takexy is the distance from incidence to desorption of an
into the crystal at a low-energy site, i.e., a step site or a kinkadatom, i.e., Ag=+Ds7s=aexd(Ejed Ga)— Eq4x(Ga))/
site. The behavior of adatoms is well explained in terms of(2kgTs)], where Dy is the surface diffusion constam
Egir and Eges in the adatom picture. Frankl and Venables’ = va? exd —Eg(Ga)/(kgTs)], 7. is the resident time of an
model fits the adatom picture well. Therefore, the model deadatom on the surface=r~ ! exfEs{Ga)/(kgTs) ], anda
scribes the island growth of S—K mode well. is the distance between nearest-neighbor sites of adatoms.

Second, the density obtained under the assumption that Sugiyamaet al. determinedEy.{Ga) from the growth
atoms do not detach from stable islands is close to the actuahte of GaAs as a function df,.?° The activation energy of
value. In actual growth, atoms can detach from stable issublimation of a Ga atom from GaAs was determined to be
lands. However, detachment should not markedly affect thé.9 eV, and the activation energy for the desorption of an
density, unless islands disappear. The adatom density maxkcess Ga atom from the GaAs surface was determined to be
increase because of the detachment of atoms from stable i85 eV.
lands, and the change in adatom density may affect the island Here we use the activation energy of 2.5 eV reported by
density. If this is the case, the effect should be small. Sugiyamaet al?® as E4{Ga). Values of the activation en-

Third, the self-size-limiting effect does not affect the den-ergy for the sublimation of GaAs, reported to d&te?® fall
sity. Although the size of islands is known to be limited in the vicinity of one of two values, i.ex 2.5 and~4.9 eV.
automatically in S—K mode, the effect occurs only in largeThe heat of sublimation of GaAs with the production of,As

B. Applicability of the model to S—K mode

J. Vac. Sci. Technol. B, Vol. 22, No. 2, Mar /Apr 2004
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TasLE |. Heat of reaction obtained from the enthalpy of formation at 298.15The dissociated state assumed is that in which In is on the

K and 100 kPa_in Refs. 29 and 30.AII reactions are endothermic. “(s)” andsurface as adatoms and As is weakly bonded to the surface as
“(g)” mean solid and gas, respectively, and(¢n and A$g) mean mono-

atomic gas. Asy(gas).
We can conclude that is 1-10 from the following view-
Heat of reaction points.
Reaction (kJ molY) V) First, we determiné* to be 4 assuming thi;« of 1.6 eV
per In—As atomic pair. We havE;x=i* xX1.6 (eV) if we
ca(sy=Galg) | 424792'(;) 42§5lf assume that the binding energy per In—As atomic pair for an
gng;’gzggﬁ zﬁ?gg; 2051 4095 island is the same as that for the bulk. The providesi* of
GaAs(spGa(g)+;s(a)g 620.2 6 636 4 using Eq.(3). Here we neglected surface effects; fhe
INAS(s)— In(g)+ As(g) 585.0 6.064 obtained is overestimated because an atom on the surface of
INAS(S)— In(s)+ 2As,(g) 153.1 1.587 an island has fewer bonds than a bulk atom.

Second, apart from 1.6 eV, we obtaihof 1-4 by apply-
ing a simple “ball and stick” model to critical clusters. Here
we consider a simple model in which the bond energy in
is 4.7 eV and that with the production of As 4.1 eV(Table  islands is the same as that in the bulk and all the In—As
[). The activation energy of 2.5 eV can be ascribed to theatomic pairs in an island have the same number of bonds in
sublimation of a Ga adatom, and that of 4.9 eV can be asthe range of 1-4. In the model, the number of bonds per
cribed to the sublimation of GaAs with the production oLb,As In—As atomic pairng.ng, that are broken in the dissociation
(we can assume the activation energy for sublimation to bef an island into adatoms is 1, 2, or 3 because an adatom
the same as the heat of sublimadion should have at least one bond. Because the bond energy in

Now we can determin&yy; . We obtainedEg#(Ga) of  InAs is 1.5 eV per bond, which is obtained from the heat of
1.8 eV from the Eq4.d Ga)— E4i:(Ga))/2 of 0.34 eV, and the atomization of 6.1 eV per In—As atomic pair in InA%able
Eged Ga) of 2.5 eV. We determinEy; for Into be 1.6 eV by 1), we haveE;x =i* nyy,¢< 1.5 (eV).E;+ and Eq.(3) givei*
scaling theEy(Ga) of 1.8 eV to bond energies of GaAs and of 4 for ny,,=1, i* of 2 for nyy=2, andi* of 1 for
InAs per bond, i.e., 1.659 and 1.516 eV, respectivelge  nyynq—= 3.
Table I; N.B., InAs and GaAs have four bonds per IlI-V  Third, there might be some inconsistency between the ex-
atomic paij. perimental results and theoretical expectations if we assume
largei*. We should consider, from the discussions above,
the possibility thatE, has a nearly constant value indepen-
dent ofi*, based on Eq(2). The reason is as follows. As-

We determine* in S—K mode of InAs islands to be 1-10 sume thai* is large. TherE,. is proportional toi*. Here
from the E5 of 2.0 eV and theEgy of 1.6 eV, usingEix  E;. is expressed b« =i* Eyjnq, WhereEp;q is the binding

inferred from thermodynamical data and Ed). The com-  energy of an island per In-As atomic pair; then, we have
mon value~2.0 eV of E, in S—K mode is ascribed to the

D. Critical cluster size i*

smalli*. i* EpingT (I* + 1) Egis
Now we are ready to discus$ andE;«. From Eq.(1), Ea= 13 — Epinat Eair » 4
we have
x .
Ex+(i* +1)Eqg - wheni* —o. In this caseE, has a constant value, and we

— A (2)  cannot obtain* from E,. Consider this point. If we assume
I*+3 that i* is large and Enng=1.6 (eV), ie. Ex=i*
Using theE, of 2.0 eV (Fig. 2) and theE, of 1.6 eV(Sec. X 1.6 (eV), we haveE, of approximately 3.2 eV from the
[11C), we obtain Egix of 1.6 eV and Eq.(4). The E, of 3.2 eV leads to a
i definitely steeper slope of the Arrhenius plot of the island

Eix=(04%+4.4) (eV). ®) density than the slope obtained experimental (of 2.0

We try to obtaini* from Eg.(3) by assuming an appro- eV), as shown in Fig. 1. Hence, there might be inconsistency
priate value ofE;x . if i* is large. Consequently, we can reasonably conclude that

Let us infer E;» from thermodynamical data. Here we i* is small.
obtain E;+ from the heat(enthalpy necessary to dissociate Now we are ready to state the valueiéf We conclude
bulk InAs into single adatoms. We accept 1.6 eV per In—Asthati* is 1-10(here we count In atoms onlyValues ofi*
atomic pair asE;« ; it is the heat necessary to dissociatereported in Refs. 3 and 4 are consistent with thedeter-
InAs(solid) into In(solid) and 3As,(gas) (Table ). We as- mined in the present study.
sumed that the dissociated state consists ¢$dlid) and As mentioned previously, S—K mode shows the common
As,(gas) because the heat of adsorption of Ga adatoms, 2u&lue of ~2.0 eV for E, for various materials, thicknesses,
eV per atom(Sec. 1l O, is nearly equal to the heat of sub- and growth conditiongFig. 2). We obtained thé* of 1-10
limation of Ggsolid), 2.8 eV per atonfTable ). We assumed from the E, of 2.0 eV for InAs S—K islands. We infer, by
As,(gas), not Ag(gas), because the sublimation of GaAs isanalogy, that*’s also have similar values for S—K mode.
ascribed to that with the production of £gas)(Sec. Il O. Consequently, we ascribe the comnigg to the smalli*.

JVST B - Microelectronics and  Nanometer Structures
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We cannot completely exclude the possibility that actual Yu, and P. Chen, Appl. Surf. ScL23124 266(1998.
values ofE;« andEy are different from those used above. a'g'\gzdh“ka“ Q. Xie, P. Chen, and A. Konkar, Appl. Phys. Led, 2727
i : . % .
Dlﬁe_rem Eix and_Ediff bring differenti*. B 8. Tillmann, D. Gerthsen, P. Pfundstein, A'Ster, and K. Urban, J.
First, we consideE; . Here we assume that critical clus-  Appl. Phys.78, 3824(1995.
ters are 2D islands becauiseobtained above is small. Then 1ZT' Wang and A. Forchel, J. Appl. Phy85, 2591(1999.
E;« per atom is the binding energy of an atom at step edge. é-5 015;‘2':‘2;";%'\"- Nishioka, S. Ishida, and Y. Arakawa, Appl. Phys. Lett.
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E;« of 0.46-0.58 eV per In atom assuming that the binding '(-1"'9%’;"""Webef' and M. A. Stevens Kalceff, Appl. Phys. Lef2, 1356
energy for adatoms is proportlional to that for bulk, as 85135 R Frankl and J. A. Venables, Adv. Phyi, 409 (1970).
sumed above, and=2. TheE;« is notably smaller than 1.6 4 Fig. 2, aimost all the data points fall around the solid line although the
eV per In atom used above. line is a fitted line only for 2 ML InAs/GaAs datéO). Although the
Second, some authors have reported various values of density for GaSb/GaAéx) decreases sharply above 520 °C, the authors
E4(Ga). Shitaraet al. reproduced results of reflection high obtained 2.15 eV folE, from the slope of a fitted line for data below
i . .

lect diffracti ts of GaA wth b 520 °C and ascribed the low density above 520 °C to the enhancement of
energy electron difiraction measurements o S gro Yy desorption. The data for 10 nm InAs/Ga#E) also give~2.0 eV forE,

the Monte Carlo simulation¥. They reportedE i(Ga) of although they shift to a lower density than the solid line. Only data for
1.58 eV. We obtairk 4 of 1.44 eV, which is close to 1.6 eV Volmer—Weber growti{®) give E, markedly different from~2.0 eV.
used above, assuming that the binding energy for adatoms iSK- Yagi, Butsuri28, 108 (1973 (in Japanese

. . . K. J. Routledge and M. J. Stowell, Thin Solid Filfis407 (1970.
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ported thatE 44(Ga) is between 1.7 and 2.3 é¥/This may  °B. Lewis and D. S. Campbell, J. Vac. Sci. Technbl209 (1967.

lead to a different conclusion Eg(Ga) is close to 2.3 eV. M. J. Stowell, Philos. Mag21, 125(1970.

. .. . . . . 21 H
Third, Ishii et al. obtainedE 4 by the first-principles mo- \é\ngA%gﬁo’z‘égNd%";t]’;era’ and F. C. Frank, Philos. Trans. R. Soc. London,
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for S—K mode of InAs islandsi*, was determined to be 287 (1989.
1-10 from the activation energ, of 2.0 eV determined  *T. Kojima, N. J. Kawai, T. Nakagawa, K. Ohta, T. Sakamoto, and M.
from the Arrhenius plot of the InAs island density. The com- , Kawashima, Appl. Phys. Let47, 286 (1985.

. . 273. M. Van Hove and P. I. Cohen, Appl. Phys. Let?, 726 (1985.
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