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Critical coverage for strain-induced formation of InAs quantum dots

Ch. Heyn*
Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Jungiusstraße 11, D-20355 Hamburg, Germany

~Received 14 December 2000; revised manuscript received 4 May 2001; published 3 October 2001!

The critical coverageuC for the strain-induced transformation of initial two-dimensional~2D! InAs or
InGaAs growth islands into quantum-dot-like three-dimensional~3D! islands is studied within situ electron
diffraction under variation of the fluxF, temperatureT, and lattice mismatchd given by the Ga content in
InGaAs films. The experimental data are compared to calculations based on a kinetic rate model with layer
dependent strain energy inside the islands. With the growth model, the lateral size distribution and the height
of the islands is calculated, as well asuC . Good agreement between experiments and rate equation results is
obtained for the influence ofd andF on uC , whereas theT dependencies show a contradictory behavior. This
is explained by a temperature-dependent intermixing between the deposited In and Ga from the substrate.
Considering this effect in the calculations allows a determination of the temperature-dependent Ga content.
Additional calculation results point out that the island diameter shrinks during the 2D to 3D transition and that
the island shape is not in equilibrium during growth.

DOI: 10.1103/PhysRevB.64.165306 PACS number~s!: 61.14.Hg, 68.35.Rh, 61.46.1w, 81.15.Hi
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I. INTRODUCTION

The application of self-assembling mechanisms has b
established as a powerful method for the fabrication
nanometer-sized structures without the need of lithograp
steps.1 A prominent example is three-dimensional~3D!
quantum-dot-like islands of InAs or InGaAs on GaAs su
strates grown with molecular-beam epitaxy~MBE! ~Refs.
2–4! or metal organic chemical vapor deposition~MOCVD!
~Refs. 5–7! in the so-called Stranski-Krastanov~SK! mode.
The driving force for this self-assembling mechanism is
strain inside the deposited film which is due to the latt
mismatch between the substrate and the deposit. During
growth, first a thin wetting layer~WL! is formed. At a critical
coverageuC , the accommodated strain energy initiates
transition from a flat two-dimensional~2D! surface morphol-
ogy into 3D islands. One main advantage of these cohere
strained SK islands is their uniform size distribution2 when
compared, e.g., with islands grown in the Volmer-Web
mode. Many approaches to model the SK growth mec
nisms were presented mainly by referring equilibriu
arguments8,9 or the kinetics of adatoms on the surface.10–13

Strain-driven migration of atoms from the edges on top
initial 2D growth islands is responsible for their conversi
into 3D ones. The central parameter for this conversion is
lateral binding energyEisl between adatoms and island edg
which controls the mass transport on the island top. Mos
the recent kinetic SK growth models10–13 consider only the
influence of the island radiusr on Eisl , often in the form10–12

Eisl5E0ln(r)/r, with the model parameterE0. The model
presented here discusses a different approach for the effe
strain. It is assumed that atoms in upper layers of the isl
influenceEisl as well. In other words, the influence of stra
is related to the island volume rather than to its diameter
particular,Eisl is approximated by a two-spring model th
allows the quantitative inclusion of the lattice mismatch. T
calculation results are linked to experimental data taken w
in situ reflection high-energy electron diffraction~RHEED!
for variations of the growth parameters.
0163-1829/2001/64~16!/165306~7!/$20.00 64 1653
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II. EXPERIMENTAL SETUP

The samples are grown in a solid-source MBE mach
equipped with a 12-keV RHEED system. Starting from p
nar ~001! GaAs substrates, first a GaAs buffer is grown
600 °C in order to smooth the surface. The resulting surf
morphology is controlled within situ RHEED. A clear 2
34 reconstruction with diffraction patterns lying on a Lau
circle in @ 1̄10# azimuth indicates a smooth GaAs surfac
For growth of the InAs quantum dots the temperature is
duced down toT5420–530 °C resulting in a change of th
GaAs surface reconstruction toc(434). A typical RHEED
pattern is shown in Fig. 1~a!.

In12xGaxAs deposition is performed with growth rate
F50.02–0.3 monolayer/s, the Ga contentx is varied from 0
up to 70%, and the As4 flux corresponds to a flux gaug
reading of 1025 Torr. The respective growth rates are det
mined as is described in Ref. 14. Directly after InGaAs de
sition is started, the surface reconstruction changes a
@Fig. 1~b!#. As for the GaAs buffer surface, the RHEED pa
tern at low InGaAs coverages is due to diffraction from fl
two-dimensional surface features. When the coverageu ex-
ceeds a critical valueuC , the RHEED pattern changes qua
tatively. Now the peaks represent the reciprocal InGaAs
tice and originate from transmission diffraction throug
three-dimensional quantum-dot-like islands@Fig. 1~c!#. We
note that after transition into the bulklike reflection typic
intensity tails so-called chevrons15 are attached to the
RHEED spots that are directly associated to the dot form
tion.

The critical coverageuC for 2D to 3D transition is pre-
cisely determined from the RHEED signals according to R
14. An example for the intensity evolution of a 2D grow
related spot foru,uC and of a 3D spot foru.uC is shown
in Fig. 1. The respective RHEED spots marked by arrows
shown in Figs. 1~a!–1~c!. In addition, some samples are in
vestigated with atomic force microscopy~AFM! for the de-
termination of island density, height, and lateral size.16 After
growth, these samples are rapidly cooled down by switch
©2001 The American Physical Society06-1
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CH. HEYN PHYSICAL REVIEW B 64 165306
off the heater in order to preserve the as-grown surface m
phology.

III. GROWTH MODEL FOR STRAIN-INDUCED 3D
ISLANDS

The rate equations based growth model presented
accounts for kinetic processes of single atoms on the surf
After growth is started, indium atoms impinge with fluxF on
an initially flat GaAs surface. It is assumed that arsenic
incorporated only via reaction with indium on the surfac
Excessive arsenic will desorb. Therefore, at a sufficient4
flux, a stoichiometric InAs layer will be formed automat
cally. For simplification, arsenic incorporation mechanis
are not included in the model. The mobile adatoms migr
thermally activated on the surface. Collisions between
grating adatoms result in nucleation of initial 2D growth
lands with approximately monolayer~ML ! height. These is-
lands grow laterally by attachment of additional adatoms
vertically by direct hits from the vapor beam as well as
atoms hopping from island edges on top of the islands. O
the island diameter is large enough, the strain induced by
lattice mismatch between the substrate and the deposit
nificantly enhances the latter process resulting in a str
increase of the island height.

A. Structural aspects

In the model, three different layer types of the InAs d
posit are distinguished: the wetting layer, the active lay
and the upper layers at higher levels~Fig. 2!. The lowest

FIG. 1. Time evolution of the intensity of 2D and 3D grow
related reflexes together with corresponding RHEED patterns

GaAs and InAs surfaces.~a! Flat GaAs surface at 420 °C in@ 1̄10#
azimuth, the arrow indicates the 2D-type reflex that is used for
measurement of the time-dependent intensity,~b! after deposition of
1.0-ML InAs, the arrow indicates the 2D reflex;~c! transmission
diffraction and appearance of chevrons after deposition of 2.0-
InAs, the arrow indicates the 3D reflex used for the time-depend
measurements. The 3D reflex appears at a critical coverageuC .
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InAs layer directly on top of the GaAs substrate is the s
called wetting layer. Characteristic for this layer is a chem
cal attraction between indium and gallium which hinders u
ward migration of In atoms from the wetting layer int
higher levels. The evolution of the wetting layer coverageuW
with deposition timet is taken asduW /dt5F(12uW). Once
uW is large enough, atoms will impinge on top of the wettin
layer as well and nucleate islands there. The second laye
top of the wetting layer is denoted as active layer. In contr
to those from the wetting layer, atoms from the active lay
can migrate to higher levels. The kinetic behavior of ato
in the active layer is thus responsible for island nucleat
and shape evolution. In this picture, an island consists o
base withs atoms located in the active layer andus /ns atoms
on top of this base in the upper layers, with the densityns of
islands with base areas and the densityus of atoms in the
upper layers of all islands with base areas. In all, an island
consists ofVs5s1us /ns atoms. Furthermore, we assum
that islands are shaped as truncated square-based pyra
with base lengths0.5 and an angle17 of 26° between the side
facets and the substrate. This allows the calculation of
island heighths onces andVs are known.

The strain induced by the difference of the lattice co
stantsaGaAs and aInAs between the GaAs substrate and t
InAs deposit is the driving force for the transition of initiall
2D growth islands to 3D quantum-dot-like islands. Rega
ing the mass transport of atoms from island perimeter s
on top of the islands, the activity of atoms at island edge
the essential parameter. According to previous models10,11,18

we assume that the strain influences the lateral binding
ergy Eisl between adatoms and edges of the island base
the present model, bonds between atoms within the isl
base are regarded to act similar to a spring. Due to the la
mismatch the spring is compressed and the strain en
within the base layer iscBd2s, wherecB5(1/2)zBaGaAs

2 , zB

is equivalent to a spring constant, andd5(aInAs
2aGaAs)/aGaAs is the lattice mismatch. A second spring d
rives from atoms on top of the island in the upper layers w
strain energycUd2(us /ns), and the constantcU . Both
springs together yield a repulsive force for the outerm
atoms at the island base and reduce the lateral binding en
to Eisl5E02@cBs1cU(us /ns)#d2, with the model param-
eterE0.

B. Rate equations

Islands with base areas grow laterally by adatom attach
ment with rateRA,s5n1n f reensss , wheren1 and n f ree are

of

e

L
nt

FIG. 2. Schematic drawing of the different layers relevant
the growth model. Details are given in the text.
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CRITICAL COVERAGE FOR STRAIN-INDUCED . . . PHYSICAL REVIEW B64 165306
the density and the hopping frequency of a free mob
adatom, respectively. The capture numbersss consider the
spatial distribution of the monomers around the islan
and are calculated according to the self-consistent appro
of Bales et al.19,20 The hopping frequency isn f ree
5n0exp(2Efree/kBT), where n05(2kBT)/h is taken as
vibrational frequency,kB is Boltzmann’s constant,T is the
substrate temperature,h is Planck’s constant, andEf ree is the
energy barrier for surface diffusion of a free adatom. Ato
escape from islands with rate10,20 RD,s5(nsvsss21)/
@2p(s21)0.5#, wherevs5n islxDs0.5 is the adatom detach
ment rate,21 n isl5n0exp@(2Efree2Eisl)/kBT# is the hopping
frequency of an adatom at an island edge, andxD
50.25xD50.2510.5/(s21)0.5 is the island size-dependen
probability that a hopping atom at an island edge will deta
The distinction betweenRD,s andvs reflects the fact that a
detaching atom may be recaptured from the island.20 In order
to include the effect of strain, we refer to the two-spri
approximation forEisl described above. Atoms hop upwar
from perimeter sites on top of islands with base areas with
rate RT,s5nsn isl0.25s0.5(12Vs /VP), whereVP is the vol-
ume of a pyramid with base lengths0.5 and an angle of 26°
between the side facets and the substrate. Downward m
tion is neglected in this model.

To describe the evolution of the monomer densityn1 and
of the densityns of islands with base areas, we expand the
well-known set of coupled rate equations for 2
nucleation19–22 by the rateRT and the wetting layer cover
age:

d

dt
n15FuWS 12n12(

s.1
snsD 22RA,12(

s.1
RA,s12RD,2

1(
s.2

RD,s1RT,2 , ~1!

d

dt
ns52~RA,s1RD,s1RT,s!1RD,s111RT,s111RA,s21 .

~2!

The density of atoms in the upper layers on top of
islands with base areas follows:

d

dt
us5Fsns1RT,s112~us /ns!~RA,s1RD,s1RT,s!

1~us11 /ns11!~RD,s111RT,s11!1~us21 /ns21!

3~RA,s21!. ~3!

Equation~3! reflects that atoms hopping from the islan
edge on the island top yield two modifications for the isla
shape. First the sizes of the island base area is reduced a
second the density of atoms on top of the island is increa
In contrast to this, attachment and detachment proce
modify only the value ofs. Direct hits of impinging atoms on
top of the islands are also considered but the effect is ra
small in comparison to the mass transfer from island edg

The set of 2smax coupled rate equations is solved iter
tively and allows us to calculate the size dependence of
16530
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island density and of the island heighths ~the maximum
island sizesmax up to 104 depends on the parameters!. Three
growth parameters are included in the model: the grow
temperatureT, the flux F, and the lattice mismatchd. In
addition, four model parameters are used: the surface d
sion barrierEf ree , and the parameters related to the late
binding energy in our two-spring approximation, that areE0 ,
cB , andcU .

IV. RESULTS AND DISCUSSION

This section discusses rate equation results and links t
to AFM and RHEED data. In subsection A the general b
havior of the island density and shape is studied and
growth model is parametrized for the InAs on GaAs syste
Subsection B presents RHEED data for the growth param
dependence ofuC and corresponding calculation results.

A. Evolution of the island shape

Examples of the island size distributionns at different
coveragesu calculated with the rate model are plotted in Fi
3. The growth parameters areT5420 °C,F50.1 ML/s, and
d57.26% representing InAs on GaAs. The model para
eters agree with the parameter set A as will be defined be
At coverages smaller than 0.9 ML@Fig. 3~a!# the average
island size increases withu and the size distribution is broa
which is a typical behavior of nucleation in layer-by-lay
mode.19 Importantly, the size distribution becomes narrow
coveragesu.0.9 ML. This indicates a deviation from con

FIG. 3. Calculated island size distribution at different coverag
u in steps of 0.1 ML. ~a! u50.1–1.0 ML’s and ~b! u
51.1–1.8 ML. The growth parameters areT5420 °C, F
50.1 ML/s, andd57.26%. The calculation parameters are iden
cal with parameter set A as is defined in the text.
6-3
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CH. HEYN PHYSICAL REVIEW B 64 165306
ventional layer-by-layer growth and is a clear sign for t
influence of strain. Experimental observations2 show a very
uniform size for 3D islands as well. Foru.1.0 ML @Fig.
3~b!# the situation changes qualitatively. Now, the avera
island size decreases with coverage. The island size dist
tion remains narrow.

The evolution of the island sizesx at the maximum ofns
is plotted in Fig. 4 together with the heighthx of the islands
with base areasx . Two parameter sets are discussed in p
allel to study the influence of the strain in the bulk of t
islands. Parameter set A represents a layer dependent s
energy inside the islands whereas parameter set B cons
only the strain in the island base. Details of the parametr
tion are described below. Four regimes are distinguished
the island shape evolution: the 2D growth regime, the tr
sition regime, the 3D growth regime, and the saturation
gime. In the 2D growth regime at low coverages up to
ML the effect of strain is negligible. Heresx increases nearly
linear withu, islands are approximately one monolayer hig
and the island height increases only smoothly by direct
on islands top. Oncesx is large enough, the influence of th
strain becomes significant. In this transition regime, the
eral binding energyEisl becomes smaller which increases t
detachment rateRD as well as the mass transport on top
the islands with rateRT . The latter yields an increase of th
density us , and, in the case of parameter set A, a furth
reduction ofEisl . As a result, the island height strongly in

FIG. 4. Calculated time evolution of the island sizesx at which
the island density is maximal, the heighthx of an island with size
sx , and the densityn3D of 3D islands. Calculations are performe
with parameter sets A and B, the growth parameters are as in F
The dotted lines in the upper panel are guides for the eye
represent different island diametersf in nm. Growth is stopped
after 20 s deposition corresponding tou52.0 ML’s. The behavior
during the following 10-s surface recovery is plotted as well.
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creases at the expense of the shrinking island diamete
contrast to this behavior, parameter set B yields a satur
island diameter and only a smooth increase ofhx . At u
.1.8 ML, sx calculated with parameter set A begins to sa
rate as well. This can be explained with the shape of
islands: once the volume of the truncated pyramids com
close to the pyramid volume,RT is reduced and therefore th
shrinkage ofsx too.

In the calculations, islands are counted as 3D islands o
their height exceeds 3 ML’s. This selection exclud
quasi-3D islands of smaller height that are not formed str
driven but by direct hits from the vapor beam. The evoluti
of the 3D island densityn3D is shown in Fig. 4. Independen
of the parameter set,n3D increases abruptly at a certain co
erageu. This is in good accordance with our RHEED obse
vations which at the critical coverageuC abruptly change
from 2D to 3D patterns. In the following, we thus assum
that the coverage, at which the calculated 3D island den
increases, can be identified withuC .

After 20 s at u52.0 ML’s deposition is stopped by
switching off the flux (F50). In the calculations, the growth
stop initiates a reduction ofsx and a strong increase ofhx
~Fig. 4!. To understand this behavior the following scena
is presented. During growth, there is a balance between m
transport to the island edges with rateRA and removal of
atoms with rateRD1RT . Both effects stabilize the sizes of
the island base area. WhenF is switched off, the rateRA
becomes negligible. ThenRD1RT is dominant ands shrinks
as a consequence. On the other hand, the island volume
not shrink significantly from the above mechanism, and
nearly constant island volume at a smaller base area ca
an increase of the island height. This result is very import
and establishes that the shape of strain-induced 3D islan
not in equilibrium during growth.

In order to parametrize the growth model for InAs qua
tum dot formation on GaAs substrates, calculation results
compared to RHEED and AFM measurements. To avoid s
regation of Ga from the substrate into the InAs film, t
parametrization is performed at low growth temperatures
420 °C, where intermixing is small23 and thusd57.26%.
The flux is 0.1 ML/s. In a first step, the influence of th
surface diffusion barrierEf ree is studied. It is found that
Ef ree is the central parameter for the island densitynisl in the
2D growth regime at low coverages. The influence of t
other parameters onnisl is small. Figure 5 shows calculate
values ofnisl and sx as function ofEf ree at a coverageu
51.0 ML. The model parameters are chosen according
2D growth via irreversible aggregation:E0510 eV, cB50,
and cU50, where only Ef ree is important. Interestingly,
nisl;(D/F)21/3 as well assx;(D/F)1/3 follow well-known
scaling laws22 for irreversible aggregation, despite the add
tional influence of the wetting layer in the present mod
D5n f ree(a0 /2)2 is the surface diffusion coefficient. Furthe
more, in the calculations we find a correlation between
total island densitynisl at u51.0 ML and the densityn3D of
3D islands atu52.0 ML’s in the form nisl(u51.0 ML)
.n3D(u52.0 ML’s). This allows us to compare the calcu
lated only Ef ree dependent behavior ofnisl at u51.0 ML

3.
d
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CRITICAL COVERAGE FOR STRAIN-INDUCED . . . PHYSICAL REVIEW B64 165306
with AFM measurements ofn3D.831010 cm22 for a
sample grown at T5420 °C, F50.1 ML/s, and u
52.0 ML’s, and thus the determination ofEf ree50.70 eV.

The spring model parameters are chosen with respec
the value ofuC51.36 ML’s measured with RHEED at th
above growth conditions. In the calculations, for a fixedE0
51.5 eV, several combinations ofcB andcU are found that
result in the correctuC . On the other side, the ratiocU /cB
strongly influences the island diameter shrinkage during
2D to 3D transition and the resulting island height. This
demonstrated in Figs. 4 and 6. Parameter set A (Ef ree
50.70 eV, E051.5 eV, cB50.0304, cU50.0176) which
accounts for strain in both the island base and in the bulk
the island is chosen forhx (u52.0 ML’s)52.7 nm under
consideration of AFM measurements, where the isla
heights range from 2.5 to 3.0 nm. Parameter set B (Ef ree
50.70 eV, E051.5 eV, cB50.0484, cU50) describes a
more simple growth model that reflects strain only in t
island base. With the latter parameters we findhx (u
52.0 ML’s)51.5 nm which is significantly lower than th
experimental values. This is a clear proof for the importan
of the strain in the bulk of the islands which enhances
mass transport on islands top and thus their height.

B. Critical coverage for quantum dot formation

In this section, the critical coverageuC is studied for
variations of the growth parametersd, F, andT. All follow-
ing calculations are performed with the layer depend
strain model using parameter set A. In the first set of RHE
experiments, the influence of the lattice mismatchd5(1
2x)(aInAs2aGaAs)/aGaAs is studied for different
In12xGaxAs samples. Variations of the GaAs growth spe

FIG. 5. Calculatedsx andnisl at u51.0 ML as function of the
surface diffusion barrier Ef ree . The model parametersE0

510 eV, cB5cU50 are chosen according to irreversible aggre
tion of 2D islands. The dashed lines represent fitssx;(D/F)1/3 and
nisl;(D/F)21/3 in agreement with common scaling laws for irr
versible aggregation. The growth parameters areT5420 °C, F
50.1 ML/s, andd50%.
16530
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FGaAs50.0–0.23 ML/s at constantFInAs50.1 ML/s yield
x5FGaAs/(FGaAs1FInAs)50 –70%. In the RHEED data
up to x563%, uC increases significantly with decreasingd
which is obviously due to the reduced strain inside the gro
ing film. For larger values ofx, no 3D growth related fea-
tures are observable in the RHEED spots even for very l
deposition times. From this follows a minimal lattice mi
match necessary for 3D island formation ofd52.7%. As is
demonstrated in Fig. 7, the calculations show a very go
quantitative reproduction of the experimental data up tox
544%. This very important result establishes the appl
two-spring approach as a suited approximation to desc
the influence of strain during InGaAs quantum dot form

-

FIG. 6. Calculatedsx andhx at u52.0 ML’s dependent on the
ratio cU /cB . All combinations ofcU andcB shown here reproduce
the experimentaluC51.36 ML’s. The values that correspond t
parameter sets A and B are marked by arrows.

FIG. 7. Dependence of measured and calculateduC on the Ga
contentx during In12xGaxAs deposition. The In flux of 0.1 ML/s is
held constant and only the Ga flux is varied. Assuming homo
neous conditions, the lattice mismatch is calculated fromx.
6-5
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CH. HEYN PHYSICAL REVIEW B 64 165306
tion. At higher Ga contents, the RHEED measurements s
intensity oscillations during the 2D growth regime that a
associated with layer-by-layer growth. The wetting lay
thickness determined from the number of oscillations l
beyond one monolayer and is thus not compatible with
geometrical assumptions of our model.

RHEED measurements ofuC as function ofF are shown
in Fig. 8 together with calculation results. In the RHEE
data we find a nearly linear increase ofuC with F. The cal-
culations show an increasinguC as well. In combination with
the surface diffusion barrier the flux influences the isla
growth via the ratio (D/F). This is demonstrated by the sca
ing laws fornisl andsx discussed above. A higher flux mea
a higher density of mobile adatoms which will rather nuc
ate new islands instead of attaching to existing ones. Th
fore an increase ofF yields a higher density of smaller is
lands~Fig. 5!. The critical lateral island size for formation o
3D islands is obtained later anduC is increased. The devia
tions of the calculation results from the RHEED data es
cially for small values ofF are explained with the experi
mental procedure. In the experiments, only the In c
temperature is varied to set the flux, whereas the ars
pressure is held constant. This results in a change of the I
flux ratio, too, which is not considered in the growth mod
For GaAs homoepitaxy, a high III/V ratio is expected
enhance the surface diffusion coefficientD.24 This effect
would counteract the flux in the measurements via (D/F)
and reduce its influence onuC . Thus a smaller increase o
uC would be expected in the calculated data, if the III/V flu
ratio would be included in the model.

Variations of the growth temperature during InAs depo
tion point out an interesting behavior ofuC ~Fig. 9!. We
measure a nearly linear increase ofuC with T which contra-
dicts a simple thermally activated process. The rate equat
yield a contrasting behavior whereuC decreases withT. This
qualitative disagreement indicates that the experimental
are affected by an additional mechanism that is not con
ered in the growth model. A very probable mechanism is
unintentional intermixing between gallium from the substr
and indium caused by temperature-dependent segreg

FIG. 8. Critical coverageuC for 2D to 3D transition as function
of the growth speed. Plotted are RHEED measurements toge
with calculation results.
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during growth.23 Assuming a homogeneous composition, t
intermixing would result in strain reduction similar to th
InGaAs growth experiments discussed above. In order to
clude this effect in the calculations, the effective lattice m
match is adjusted such that the calculateduC agrees with the
experimental value~dashed line in Fig. 9!. In a next step the
gallium content is calculated from this effective lattice m
match. Figure 10 shows the such determinedx values as
function of the growth temperature. At 500 °C, we find
gallium content of 45%, that is in reasonable agreement w
experiments23 where a gallium content of about 30% is me
sured.

V. CONCLUSIONS

This paper presents a kinetic rate equation based m
for the formation of quantum-dot-like islands in the Strans
Krastanov mode. Quantitative agreement between the gro
parameter dependence of the calculated critical coverage
3D island formation andin situ RHEED experiments is dem
onstrated for variations of the lattice mismatch. The cen

er
FIG. 9. Influence of the growth temperature on measured

calculateduC . The dashed line represents calculation results w
adaptedd according to Fig. 10.

FIG. 10. Estimated temperature-dependent alloying due to
segregation into the InAs deposit. The respective Ga content is
termined such that the resultingd allows the reproduction of the
RHEED data in Fig. 9.
6-6



n
n
iz
o
i

et
a
th
le
n
in
.
d

D

io
e
q
d

of
had
ds.
stic
d in

del
ra-
ize
lly

ese
ap-

h,
C.

ep-
hi
ort

CRITICAL COVERAGE FOR STRAIN-INDUCED . . . PHYSICAL REVIEW B64 165306
point of this model is the inclusion of a layer depende
strain energy inside the growth islands. A direct conseque
of this approach is the evolution of the calculated island s
Large 2D islands dominate the surface morphology at l
coverages, whereas, during their transformation into 3D
lands, the height increases and, importantly, the diam
shrinks. In this way enhanced mass transport on the isl
top at the expense of the island diameter is crucial for
spontaneous conversion from 2D to 3D islands. A simp
model which accounts only for the strain inside the isla
base layer yields a saturated island diameter without shr
age and thus is not able to obtain realistic island heights

A direct experimental verification of the shrinking islan
diameter was given by Kobayashiet al. using AFM
measurements.25 Furthermore, in the AFM data atT
5500 °C the critical coverage for the first observation of 3
islands is 1.57 ML’s, which is close touC51.68 ML’s de-
termined here from RHEED measurements.

In an earlier publication by Koduvely and Zangwill,12 a
similar model has been used to describe 3D island evolut
However, there an only island diameter dependent strain
ergy was assumed. The island shape was derived from e
librium energy minimization according to Tersoff an
n
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Tromp.26 In order to calculate the coverage dependence
the island diameter, elastic interactions between islands
to be invoked that control atom detachment from 3D islan
When comparing their model to experiments, an unreali
large value of the interaction parameter had to be assume
order to reproduce the data.

Additional important consequences of the present mo
establish the significance of intermixing at higher tempe
tures as well as the nonequilibrium nature of the island s
during growth. Since the shape and composition crucia
determine the optical and electronical properties of th
quantum dot islands, their control is essential for future
plications and devices.
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