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Abstract

The growth kinetics influence on the structural and optical properties of quantum dot ensembles in the Ge/Si(100)
and InAs/GaAs(100) heteroepitaxial systems is studied theoretically and experimentally. A kinetic model of the stress-
driven formation of quantum dots is developed providing a description of the time evolution of island size and density
depending on the growth temperature, on the growth rate and on the total amount of deposited material. The quantum
dot ensembles in the Ge/Si and InAs/GaAs systems are grown by molecular beam epitaxy at different conditions and
studied by applying atomic force microscopy, transmission electron microscopy and photoluminescence spectroscopy.
Theoretical and experimental results provide a detailed quantitative characterization of quantum dot ensembles in
terms of their size and density depending on the technologically controlled growth conditions and provide a way for a
kinetically controlled engineering of quantum dot ensembles with the desired properties.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Concerning semiconductor materials, a continu-
ously increasing interest from the viewpoints of
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fundamental physics and promising device appli-
cations has recently turned towards the quantum
dot (QD) heterostructures [1]. Three-dimensional
carrier confinement in QD leads to the dependence
of the operating wavelength of QD-based optoe-
lectronic devices on the average size of islands. The
surface density of islands determines the intensity
of luminescence. The major technological method
to fabricate dense arrays of coherent strained
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islands is their direct formation during molecular
beam epitaxy (MBE) and related growth techni-
ques [1]. The technological need of a controlled
production of QD heterostructures with desired
properties stimulates the studies of the growth
conditions influence on the structural and optical
characteristics of QD ensembles.

If the material is deposited onto a substrate at a
constant substrate temperature, growth rate and
the exposition of structure upon the interruption
of QD layer growth is performed at the same
temperature, the major control parameters of the
MBE growth in a particular heteroepitaxial system
with given material constants are [2]: (i) the
substrate temperature, (ii) the growth rate, (iii)
the total amount of deposited material after the
growth interruption and (iv) the exposition time
before capping of the surface. In the case of III-V
group nanostructures, the I1I/V fluxes ratio should
be added to this list. Many experimental works
have been concentrated on studying the influence
of MBE growth conditions on the structural
characteristics of QD ensembles in different
heteroepitaxial systems. In particular, the experi-
ments show an increase in the QD lateral size with
a simultaneous decrease in their density when the
substrate temperature is increased. In the case of
so-called hut clusters in the Ge/Si(100) system,
this effect has been described, for example, by
Abstreiter et al. [3] and Yakimov et al. [4]. In the
case of the InAs/GaAs(100) system, such a
temperature dependence of QD ensemble has been
demonstrated, for example, by Ledentsov et al. [5].
Several authors observed an increase in the density
of QD at an increasing growth rate with a
corresponding decrease in their size, both in the
Ge/Si(100)[3] and InAs/GaAs(100) [6-8] systems.
The lateral size of islands increases with the
effective thickness, while the geometrical shape of
islands undergoes a morphological transforma-
tion. In the Ge/Si(100) system, one observes a
transition from a hut to a dome shape. The typical
lateral size of hut clusters amounts to 15-20 nm [9]
while the lateral size of domes ranges from 50 to
100 nm [10]. In the InAs/GaAs(100) system, the
island shape remains approximately pyramidal
when increasing the amount of deposited material,
but their aspect ratio decreases [5,11]. It should be

noted that in the majority of semiconductor
heteroepitaxial systems, including the Ge/Si and
InAs/GaAs, the Stranskii-Krastanow growth
mode is dominant, i.e. the formation of islands
occurs only after the effective thickness exceeds a
certain critical value [1].

Concerning the theories of heteroepitaxial
growth in the mismatched systems, a detailed
description of island formation process is compli-
cated by the coexistence of equilibrium and kinetic
effects that are equally important in the island
formation process. While the experimentally ob-
served dependence of the QD size and density on
the system energetics, on the lattice misfit, on the
substrate temperature and on the effective thick-
ness can be generally explained by various
equilibrium models [12—-14], the observed growth
rate dependence of the QD structural parameters
clearly indicates the role of kinetic effects. At the
moment it is generally recognized that the QD
formation is essentially stress-driven: the islands
are formed because the elastic energy in the island
is lower than in the wetting layer (WL) [1]. An
important step forward was taken by Shchukin
et al. [12], who found that within a certain range of
material constants and lattice misfit, the combined
effect of strain-induced renormalization of surface
energy and elastic relaxation on island edges may
result in a minimum of equilibrium free energy.
This minimum relates to particular energetically
favorable size and a narrow size distribution.
Another equilibrium approach, which incorpo-
rates the growth of WL, coherent island formation
and ripening was proposed by Daruka and
Barabasi [13]. However, the further progress in
theoretical understanding of the island formation
mechanisms requires the development of a kinetic
theory that can predict the time evolution of a QD
array under essentially non-equilibrium condi-
tions. An important contribution in this direction
was made by Osipov et al. [15], who showed that
the initial stage of coherent island formation
during MBE growth can be well described within
the frame of classical nucleation theory. Some of
the present authors proposed a model that enables
one not only prediction of the time evolution of
the island size distribution and WL thickness but
also allows to find analytically the dependences of



V.G. Dubrovskii et al. | Journal of Crystal Growth 267 (2004) 47-59 49

size and density of islands on the kinetic growth
conditions valid for MBE [16]. Recent experiments
[15] documented a considerable decrease in the
WL thickness during the formation of islands.
Because of that, theoretical models of Refs. [15,16]
assume that the dominant mechanism of island
growth is the stress-driven diffusion flux of surface
atoms from the WL to the growing islands.

In this work we theoretically and experimentally
investigate the structural and optical properties of
QD ensembles in the Ge/Si(100) and InAs/
GaAs(100) systems at the initial stage of hetero-
epitaxial growth. The study is restricted to the case
of a diluted ensemble of small islands, when no
interaction between islands is observed and no hut
to dome transformation occurs. Special attention
is paid to the investigation of the temperature and
growth rate influence on the properties of QD
ensembles. The theoretical description bases on the
model given in Ref. [16], which allows a quanti-
tative description of structural properties of QD
ensemble depending on the MBE growth condi-
tions. Growth experiments were carried out in
different MBE machines at different growth rates,
substrate temperatures, effective thickness and
exposition times. The growth of QD layer was
stopped at an effective thickness whose value is not
far above the critical thickness relating to the onset
of transformation from two-dimensional layer
growth to three-dimensional islanding (2D-3D
transformation) for the both systems studied.
Additionally, in the InAs/GaAs(100) system, we
have also studied the samples with subcritical
effective thickness. The grown samples were
analyzed applying  transmission  electron
microscopy (TEM), atomic force microscopy
(AFM) and photoluminescence (PL) techniques.
The results of numerical simulations are
compared to the experimental data obtained by
different diagnostics. Our results are summarized
in graphs presenting the island lateral size
and density as functions of the substrate
temperature and the growth rate. We will
demonstrate that the QD arrays exhibit similar
qualitative performance for the both heteroepitax-
ial systems studied. It will be shown that the
predictions of kinetic model are in a good
correlation with the experimental data, and that

the structure of studied QD ensembles is mainly
controlled by the MBE growth kinetics, not so
strong by thermodynamics.

2. Theory

We consider that the material is deposited onto
a substrate surface stabilized at temperature 7T
with a growth rate 7, which is constant at <t
and zero at ¢ > ty. Herein, t9 denotes the moment
at which the growth of an island layer is
interrupted. The time dependence of the total
amount of deposited material H (effective thick-
ness) is therefore given by H(¢) = Vt at <ty and
Hy= Tty at t>1t,, where H, is the effective
thickness of an island layer after the material flux
is switched off. Here and below we measure
thickness in the numbers of monolayers (ML).
The Stranski-Krastanow growth is characterized
by the existence of a flux-independent equilibrium
WL of thickness /¢y found from the Miiller-Kern
criterion [17]. The equilibrium thickness of WL
relates to the thermodynamic equilibrium in a
heteroepitaxial system when the elastic energy of
WL equals the wetting energy; the value of /i
depends only on the system energetics and on the
temperature. The formation of islands is possible
only from a metastable WL with a thickness / >
heq. Therefore, superstress { = h/heq— 1 is the
measure of WL metastability [6,15,16].

Consider the system geometry in the Stranski—
Krastanow growth mode shown schematically in
Fig. 1. The islands are assumed as being the
pyramids with square base L x L and contact angle

Substrate

Fig. 1. Scheme on the system geometry of the Stranski—
Krastanow growth mode: WL—wetting layer of thickness /,
QD—quantum dot ensemble with average size L and surface
density N, 0—contact angle.
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0, the aspect ratio f = tan g The model for the free
energy of coherent island formation (in kg7 units,
kg is Boltzmann constant) of Ref. [16] reads

F(i) = A** — Bi. )

Here i is the number of atoms in the island, the
parameters 4 and B are given by

_[o(0)/cos 0 — a(0)] , ,
A= T ol
_ % (1 — Z)/lS%lgdo
B=In (do(l - z)/lsg) keT @

The first term in Eq.(1) stands for an energeti-
cally unfavorable process of formation of addi-
tional surface area of island facets. The parameter
A is the ratio of the difference in surface energy of
the island and of the WL area covered by this island
to the thermal energy, ¢ is the surface energy of the
deposit (values ¢(0) and o(0) corresponds to the
substrate surface plane and four equivalent pyr-
amid facets) with the allowance for the strain-
induced renormalization [1], [y is the average
distance between atoms on the surface, d is the
height of a ML and o = (6dycot an@/lo)l/ is the
geometrical factor. The second term in Eq.(1) is
the difference in chemical potentials of atoms in the
island and in the WL. The parameter B contains
two factors: the logarithm of the ratio between the
wetting energy on the deposit-substrate interface ¥y
[17] and the gain in elastic energy due to the 2D-3D
transition (g relates to the lattice misfit, 4 is the
elastic modulus of the deposit, z(f) is the relative
relaxation of elastic stress in the island [18,19]) and
the ratio between the elastic energy gain to the
thermal energy. According to the Miiller-Kern
model [17], the wetting energy ¥, is determined
by the difference between the interface energies of
the substrate surface (o) and the sum of interface
energy of deposit surface (¢4 = ¢(0)) and the energy
of interface between them (os_q): WYy = 05 — 0q —
Os_(d.

From Egs. (1) and (2) follows the expression for
the nucleation barrier in kg7 units:

4.4 T,

FO = 5pa=7s

(©)

Eq. (3) shows that the activation barrier decreases
with increasing the WL thickness (superstress) and
the temperature, the last equality is valid for
modest variations in 7', when the material constant
are approximately constant. The characteristic
quasi-equilibrium temperature 7, contains all
material constants of a given heteroepitaxial
system, its lattice misfit parameter and the island
shape in the form

T,
_4 [6(0) /cos 6 — a(0)]* (6 cot anb)?
2Tkg [(1 — Z(0))262]*In? [Wo /do(1 — Z(0))353]
)

The temperature T, determines the height of the
nucleation barrier of coherent islands at given WL
thickness; its value is independent on the kinetic
parameters of MBE growth. Eq. (4) demonstrates
that T, strongly decreases with the increase in the
lattice misfit (the major dependence is 7.~ 1 /83)
and also decreases with increasing the contact
angle 0. Consequently, the critical thickness is
lower for the systems with larger misfit and for
higher islands, because the higher islands have
lower elastic stress energy than flatter ones [20].
The dependence of the island formation energy on
the number of atoms in the island at different WL
thickness for the parameters of the Ge/Si(100)
system [15] is shown in Fig. 2.

As follows from the detailed analysis of Ref.
[16], if the effective thickness of deposited material
exceeds a certain critical thickness H. (Hy > H.),
the maximum WL thickness h.~ H., and the
maximum superstress is (. = /ic/heq — 1 The max-
imum of WL thickness at 4 = h, is reached at the
moment when the arrival of atoms to the WL from
a molecular beam is equalized by the consumption
of atoms from the WL by the growing islands.
After that moment, the WL thickness / decreases
because the consumption of atoms from the WL
by the growing islands dominates, while the
effective thickness H increases until the growth
process is stopped. The critical effective thickness
relating to the 2D-3D transformation onset can be
associated with the maximum WL thickness,
because the amount of material in the islands at
the moment of 2D-3D transition is negligibly
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Fig. 2. Island formation energy for the parameters of the Ge/

Si(100)  system  (i= 127 x 10> dyn/em®; & = 0.042,

do=0.145nm, [(=0.395nm, ¥, =450 erg/cmz; a(0) =

a(0) = 800 erg/cmz, 0= 18°(z=0.61) at T=470°C and three

different values of WL thickness.

small. At a maximum WL thickness, the nuclea-
tion rate of islands also reaches its maximum,
therefore the islands nucleated at 7 =h, will
remain the most representative in the island size
distribution at a later stage of growth. The
nucleation of islands is completed very soon after
the WL thickness reaches its maximum. Implying
the equation of material balance, the relationship
between the critical thickness /4. and the kinetic
parameters of the growth process is given by the
self-consistent equation F({;) = (3)In Q. Using
Eq. (3), the expression for the critical thickness is
found in the form

2T, 1/2
1+ <—5T1n Q) ] (5)

The kinetic control parameter Q introduced in
Ref. [16] determines the time scaling of deposition
and island formation processes [2] according to
O = teq/7, Where foq = heq/V is the time to grow
the equilibrium WL on a bare substrate and 1 is
the average time interval between two consecutive
attachments of atoms from WL to a growing
island. As a ratio of characteristic times of
macroscopic and microscopic processes, the para-
meter Q is very large (for typical conditions of

he = heq

MBE Q > 100). It is important that Q is reverse
proportional to the growth rate and increases with
the temperature approximately as the Arrhenius
exponent:

Qo %exp (—T—;) . (6)

Here Tp = Ep/kp is the characteristic diffusion
temperature, Ep is the activation energy for the
stress-driven diffusion of the surface atoms from
the WL to the growing islands. The parameter Q
decreases with the growth rate because the time to
grow the flux-independent equilibrium WL at
higher growth rate becomes shorter and increases
with temperature because the diffusion processes
proceed faster at higher temperatures and there-
fore the characteristic time of island growth
shortens. Eq. (1) shows that despite the kinetic
origin of critical thickness its numerical value is
mainly determined by the surface energetics, the
lattice misfit and the substrate temperature and
only weakly depends on the growth kinetics, a
conclusion which fits well with the experimental
results [21] and with the conclusions of equilibrium
models of heteroepitaxial growth [14]. The coeffi-
cient of proportionality in Eq. (6) at given /.4 and
T. can be easily found from Eq. (5), because the
critical thickness /. is controlled experimentally
with high accuracy [1].

At the end of nucleation stage, the average
size remains negligibly small during the
whole stage of nucleation (i.e., of order of the
critical size according to the classical nucleation
theory), while the surface density of islands
goes to the constant value. This value is found
from the solution of evolution equation for the
lateral size distribution of islands together with the
equation of material balance on the substrate
surface at the nucleation stage. The result of Ref.
[16] is given by

4 In 0\ *?
v=phr(e) @

A short-scale nucleation stage is followed by a
considerably longer stage of the island size
relaxation. At this stage, the island surface density
established during the nucleation stage remains
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approximately constant; the WL thickness
decreases from its maximum to equilibrium value
and the size L increases to its quasistationary value
Lg. The described qualitative behavior of the QD
array is valid as long as there is no considerable
reduction in the island growth rate, which could be
caused by the influence of strain-induced barriers
for atom consumption (essential for large islands
[19]) or by the so-called dipole—dipole elastic
interaction of islands (essential at a high coverage
of the surface [12]). After the size relaxation stage
and the growth interruption, the effective thick-
ness H equals Hy and the WL thickness / goes to
heq- The island density N equals its value
established at the nucleation stage. The average
size of islands L goes to its quasistationary value
Lr [2,16]. The equation of material balance
derived from the system geometry of Fig. 1 in this
case reads

3

L
~Htan 0 = (Hy — heq)d. (8)

The right-hand side of this equation presents the
total volume of islands per unit surface area. At
the end of size relaxation stage all Hy — h.q ML of
deposited material should be distributed in the
islands. The use of 6-shaped approximation for the
island size distribution is approved because the
distribution is approximately Gaussian and its
width at the end of size relaxation stage is
relatively small (ALgr/Lg <1). From Egs. (4) and
(5) follows the average size of islands at the end of
size relaxation stage:

_ 3 2 (HO - heq)Te '3 Q 2
Lgr = 210d0 /’leq TCOt anf an . (9)

Egs. (7) and (9) together with Eq. (6) demonstrate
that the surface density of islands decreases with
an increasing substrate temperature and increases
with the growth rate, while the average size of
islands increases with the temperature and de-
creases with the growth rate [3-7] and that the
structure of the QD ensemble is essentially
kinetically controlled [16].

The time evolution of the average lateral size of
islands L at the size relaxation stage [2] can be

found in the form of reverse dependence #(L):

B 2\1/2
t tC:]n A+1+75)
IR 1-1
_ \/3arctan (21—\%1> + % = U(). (10)

Here, / = L/Lg, and tg is the characteristic time of
island size relaxation given by

0.47

g Q(tC — teg)- (11

IR =
Eqgs. (10) and (11) are obtained from the solution
of evolution equation for the average lateral size of
islands at the size relaxation stage [16]. The time
moments /. and f.q in Egs. (10) and (11) are simply
the times required to grow the WL of critical
thickness /. and of equilibrium thickness /g,
respectively (tc = he/V, teq = heq/ V). The defined
function U(/) in the right-hand side of Eq. (10)
contains no parameters of the model, therefore the
dependence of relative average size / on the relative
deposition time (¢ — f.)/tr has a universal char-
acter shown in Fig. 3.

In principle, Egs. (5)«7) and (9)—(11) provide a
complete description of the time evolution of QD
ensemble at the size relaxation stage in terms of
island average size and density. The main parameters
of the model are the characteristic quasi-equilibrium
temperature 7. and the diffusion temperature 7p.
The value of T is determined by the energetic
constants of a strained heteroepitaxial system and by

1.0

Relativesize L/Lg
o o o
~ o o
1 1 1

o
N}
1

o
o

0.0 0.5 1.0 1.5 2.0 25 3.0 35
Relative time (t-t.)/tg

Fig. 3. Universal time dependence of relative lateral size at the
size relaxation stage obtained from Eq. (10).
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the geometrical shape of islands, while the value of
Tp is determined by the mechanisms of stress-driven
diffusion of atoms from the WL to the growing
islands. To access the known effect of variation in
the aspect ratio of islands [1,5], the contact angle 6
could be adjusted to the experimentally measured
values of aspect ratio, for example obtained by a
cross-sectional TEM analysis. This relates to the case
when the QD are more or less truncated pyramids. If
the grown QD layer is cooled or capped immediately
after the growth interruption, the time ¢ in Eq. (10)
relating to the observed lateral size is found simply
as t = Hy/V, where H, is the effective thickness of a
deposited QD layer. If the structure is exposed
during a certain time interval Az, before cooling or
capping, t= Hy/V + Atyp. An exposition of
structure therefore allows a more complete relaxa-
tion of the average size of islands, i.e. at the same
growth conditions the islands are larger at longer
exposition. The presented kinetic model provides a
detailed characterization of QD ensemble depend-
ing on four control parameters of MBE growth,
N=N(T,V); L=L(T,V,Hy, Atexp). It is impor-
tant that in the overcritical thickness range [2], the
surface density depends only on the temperature
and growth rate and does not change with further
increase in the amount of deposit as well as with
the exposition time, while the average size depends
on the whole set of MBE growth conditions. It
should be noted, however, that the model describes
the kinetics of uncapped structures. Further
relaxation of the system during the growth of
cap layer may change the geometry of islands and
even their size due to the diffusion exchange of
atoms between the QD and the cap layer. When
applying the model to the case of capped QD
systems, we thus assume that these effects result in
a minor change in the system geometry. General-
ization of the model to include the kinetics of
capped structures requires a separate study.

3. Experiment
3.1. GelSi(100) system

The temperature dependence of QD ensemble
was investigated in the Ge/Si(1 00) heteroepitaxial

system. Four samples of Ge islands on Si(100)
surface were grown using Riber SIVA MBE
machine. The substrate temperature 7" was fixed
to 420°C, 450°C, 470°C and 500°C, respectively.
The growth technique and characterization proce-
dures are described in Ref. [22]. The growth rate of
Ge was fixed to 0.035 ML/s for all samples. As the
moment of growth interruption for each sample,
an effective thickness of 6.2 ML of deposited Ge
was chosen. The corresponding deposition time
amounted to 180s. Afterwards, the samples were
studied by AFM using Digital Instruments Inc.
setup.

A typical AFM image of Ge/Si(100) QD
ensemble at a growth temperature 7' of 450°C is
presented in Fig. 4. It was found the islands have a
pyramidal shape with a square base. At higher
substrate temperatures, the QD ensemble contains
square and rectangular base islands. Rectangular
islands are elongated in [1 0 0] direction, the L, /L,
ratio ranges from 1.74 to 2.64 depending on the
temperature. For all samples, the fraction of
square base remains predominant. The aspect
ratio of square base and elongated QD increases
with increasing the substrate temperature. For
square base islands, the variation in aspect ratio
ranges from = 0.1 at T =420°C to = 0.24 at
T= 500°C. The average lateral size at 6.2 ML
considerably increases with increasing the

1] 300 nmM

Fig. 4. AFM image of Ge/Si(100) QD at 6.2ML, grown at
T=450°C. The scanned area amounts to 300 x 300 nm.
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substrate temperature both for square base and
elongated islands.

3.2. InAs/GaAs(100) system

The growth rate and temperature behavior of
the structural and optical properties of QD
ensembles was studied in the InAs/GaAs(100)
system. Growth experiments were carried out on
an EP1203 solid source MBE machine on semi-
insulating GaAs (100) substrates. The effective
thickness of the InAs layer was fixed to 2.0 ML for
all samples. The InAs growth rate V' was varied
from 0.01 to 0.1 ML/s. Two series of samples were
grown, for which the substrate temperature T
during the deposition of the QD layer was kept at
440°C and 485°C, respectively. The As shutter was
opened through the whole growth run. For each
sample, the InAs QD layer was covered by a low-
temperature GaAs cap immediately after the In
deposition (i.e. with zero exposition). The active
region was confined by two short-period super-
lattices of GaAs/Aly3GagsAs (25A/25A, 10 pairs)
in order to prevent the carrier escape from the
active region into the substrate and surface areas.
These superlattices and the GaAs buffer layer were
grown at 600°C. PL measurements were carried
out in a standard lock-in configuration. The
excitation was provided by a 514.5nm Ar " laser.
TEM measurements were carried out applying a
Philips EM420 electron microscope. Typical TEM
plan-view images of 2 ML InAs QD ensembles at
different temperatures are shown in Figs. 5 and 6.
Concerning the used diffraction contrast techni-
que, the QD have a square base with sides parallel
to the crystallographic <110} directions.

As pointed out in Section 2, the theory predicts
a possibility for the formation of coherent islands
in subcritical thickness range, when the effective
thickness is larger than the equilibrium WL
thickness but lower than the critical thickness
relating to the 2D-3D transition under the
material flux. In this case, the formation of islands
proceeds much slower than in overcritical thick-
ness range. Also, at the same temperatures and
growth rates the islands will be considerably larger
in size and lower in density as compared to
overcritical islands. To investigate the morphology

i ‘ - - -
k', i 2 9 4 - a - -
. A -
S . e . a 200 nm
Fig. 5. TEM image of 2ML InAs QD on GaAs(100) surface,
T=485°C, V=10.03 ML/s.

Fig. 6. TEM image of 2 ML InAs QD on GaAs(100) surface,
T=440°C, V= 0.05ML/s.

and optical properties of subcritical structures, two
series of InAs/GaAs(100) structures were grown,
where the effective thickness of the InAs layer was
fixed to 1.5 and 1.6 ML, respectively. The growth
temperature was varied from 420°C to 485°C
within both series.

The InAs growth rate was fixed to 0.03 ML/s for
all samples. After the deposition of the InAs layer,
the surface was exposed under the As, flux, the
exposition time was varied from 1.5 to 2.5 min for
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different samples. The active region was confined
by two short-period superlattices of GaAs/Alg s
Gag 75As (25A/25A, 5 pairs), grown at 585°C. The
surface structure was controlled in situ by reflec-
tion high-energy electron diffraction (RHEED)
system composed of a high sensitivity video
camera, a videotape recorder and a computer. It
has been found that during the deposition of InAs
at ho<1.6 ML the RHEED patterns remain
streaky. The exposition of samples under the Asy
flux after switching off the source of In leads to the
transition of RHEED patterns from streaky to
spotty for all samples except the 1.5 ML sample
grown at 485°C (for this sample, the formation of
islands was not observed even at 90s exposition).
The moment of this transition is interpreted as the
beginning of island nucleation. Further exposition
of samples leads to the appearance of additional
RHEED patterns corresponding to the diffraction
from the island facet planes, the moment of their
appearance can be associated with reaching the
quasi-stationary size of islands. The optical
properties of subcritical QD ensembles were
subsequently studied by PL.

4. Results and discussion
4.1. GelSi(100) system

For a quantitative comparison of theoretical
and experimentally measured temperature
dependence of the average lateral size and
the surface density of QD in the Ge/Si(100)
system, calculations were made for the
following model parameters of the Ge/Si(100)
system: A= 1-27 x 10"2dyn/ecm? & = 0.042,
do=0.145nm, ly=0.395nm, W,=450erg/cm’;
(0) = a(0)= 800 erg/cm” [15]. The diffusion tem-
perature was fixed to Tp=7750K. Only the
predominant fraction of square base islands was
taken into consideration. The values of contact
angle 6 were varied to adjust the experimentally
measured values of aspect ratio of Ge/Si nanois-
lands obtained from the cross-sectional analysis
(column 2 in Table 1). The O-dependent character-
istic temperature 7, was calculated by means of
Eq. (4), the relative relaxation of elastic stress in

Table 1
Theoretical characteristics of 6.2 ML Ge/Si(1 00) QD ensembles
at different growth temperatures

T, (°C) 0 (deg) h. (ML) N (10"°ecm™2) L(f)(nm) Lg(nm)

420 13 4.8 5.7 11.7 25
450 19 5.0 4.0 17.5 26
470 19 5.0 33 19.6 28
500 26 5.2 1.7 213 31

the island Z(f) was found from the Ratsch—
Zangwill approximation [18] and the equilibrium
WL thickness /sq was obtained using the Miiller—
Kern formula [16,17] (heq was found to be
approximately 3.3 ML). The kinetic control para-
meter Q at different temperatures was calculated
by means of Eq.(6) and the critical thickness by
Eq. (5). The surface density of islands N was then
found from Eq. (7) and the average lateral size L(7)
from Egs. (9)—(11). The time ¢ was related to
6.2 ML of deposited Ge at given growth rate V.
Theoretical characteristics of the kinetics of QD
formation and the structural parameters of 6.2 ML
Ge/Si(100) QD ensembles at different growth
temperatures are summarized in Table 1. The
calculations show that the theoretical values of
critical thickness =4.8-52ML for the whole
interval of substrate temperatures studied, which
is in agreement with the experiment [3,4]. The
surface density is predicted to decrease gradually
from 5.7x10%ecm ™2 to 1.7x10cm™? as the
temperature increases from 420°C to 500°C, while
the lateral size of QD increases with temperature
from 12 to 21 nm.The lateral size L(¢) is consider-
ably smaller than the quasistationary size Lg
because the interruption of growth at 6.2 ML with
an immediate cooling of the surface does not allow
a complete relaxation at the size relaxation stage.

The comparison between the results of calcula-
tions and the AFM data for the temperature
dependence of the average size and density of
6.2 ML Ge/Si QD ensembles is shown in Figs. 7
and 8. It is seen that theoretical and experimental
curves are in a fairly good agreement with each
other, the discrepancy at 470°C for the surface
density and at 450°C for the average size could
be associated with the existence of a fraction
of eclongated islands as well as with a space
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Fig. 7. Theoretical and experimental dependence of the surface
density of 6.2 ML QD in the Ge/Si(100) system.
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Fig. 8. Theoretical and experimental dependence of the average
lateral size of 6.2 ML QD in the Ge/Si(100) system.

inhomogeneity of QD ensemble. Nevertheless,
both dependences demonstrate the increase in
lateral size of 6.2 ML Ge/Si QD from L~ 12 to
L ~20 nm with the corresponding decrease in their
density from N~5.5 x 10!° to N~ 1.5 x 10" cm
at increasing the temperature from 420°C to
500°C, the effect which has been previously
observed experimentally [3].

4.2. InAs/GaAs(100) system

The measured dependence of the PL peak
position on the InAs growth rate at different
substrate temperatures is presented in Fig. 9. A
typical PL spectrum is shown in the inset in Fig. 9.

12104
1200
1190
1180
1170

PL Intensity, a.u.

10 11 12 13
photon energy,eV

1160
1150

1140 T=485C

1130
11204

QDs wavelength, nm

1110+
1100

T=440'C

T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
InAs growth rate, ML/s

Fig. 9. Room temperature PL peak position from 2 ML InAs/
GaAs(100) QD depending on the InAs growth rate at two
different temperatures. Room temperature PL spectrum shown
in the inset relates to the sample pointed by the arrow.

The two PL peaks are associated with the QD
ground and excited states, respectively. Fig. 9
demonstrates that the PL peak position is gradu-
ally shifted towards a shorter wavelength range
with increasing the growth rate for both series of
different substrate temperature applied. At the
same growth rate of InAs, the PL peak is always
higher at 485°C than at 440°C. Therefore, the
characteristic size of islands increases with an
increasing of the growth temperature and a
decreasing of the growth rate. The behavior of
optical properties of InAs QD ensembles follows
the general tendencies imposed by the kinetic
limitations on the QD formation process [5—7] and
is in qualitative agreement with the predictions of
theoretical model presented in Section 2.

In order to make a quantitative comparison of
the results of our TEM investigations of samples
grown at different conditions with the predictions
of the theoretical model, the calculations were
performed for the following model parameters for
a InAs/GaAs(100) system: dy= 0.303 nm,
lb=0.429nm, «=1.82~const and Hy=2ML.
The value of Tp was fixed to 4700 K, the value
of T. was varied taking into account that
heqe 1ML and hz~1.7 — 1.8 ML (directly experi-
mentally measured value [1]). The growth rate of
InAs was varied from 0.01 to 0.1 ML/s for the two
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Table 2
Theoretical characteristics of 2ML InAs/GaAs(100) QD
ensembles grown at different temperatures and growth rates

14 T T, he N L) Lgp
(ML/s) (°C) (K) (ML) (10"°cm™2) (nm) (nm)
0.01 440 4630 1.70 2.8 163 185
0.03 440 7630 1.75 4.8 127 159
0.05 440 9900 1.77 6.7 11.0 147
0.1 440 11400 1.80 13 88 121
0.01 485 4590 1.68 0.62 231  27.0
0.03 485 8110 1.74 1.3 189 239
0.05 485 11300 1.77 1.7 17.1 202
0.1 485 13700 1.79 3.3 127 176
1.4x10™
B 440°C
l.leoll 1 e 285°C x ' m
(\IIE 1ox10 1 theory 440°C
S —— theory 485°C
>
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Fig. 10. Comparison of TEM data and the results of
calculations for the density of 2 ML InAs QD on GaAs(100)
surface grown at different growth rates and substrate tempera-
tures.

chosen substrate temperatures of 7 = 440°N and
of T = 485°N, respectively. The results of simula-
tions for the main characteristics of QD ensemble
are presented in Table 2, where L(?) is the average
lateral size of InAs QD at 2 ML of deposited InAs.
Theoretical and experimental dependences of QD
size and density on the InAs growth rate at the
two different growth temperatures are shown in
Figs. 10 and 11, which quantitatively demonstrate
the effect of the increase in the density with the
simultaneous decrease in the size at high growth
rates and low growth temperatures (the effect
reported previously in Ref. [6,7]).

Concerning the characteristic exposition times
required for the beginning of island formation and

24+
23
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0.00 0.02 0.04 0.06 0.08 0.10
Growth rate, ML/S

Lateral size, nm

Fig. 11. Comparison of TEM data and the results of
calculations for the average lateral size of 2ML InAs QD on
GaAs(100) surface grown at different growth rates and
substrate temperatures.

the position of PL peaks from the subcritical InAs
QD, our results are summarized in Table 3. The
temperature dependence of the characteristic times
of QD formation for 1.5 and 1.6 ML structures is
presented in Fig. 12. These results demonstrate
that the QD formation in 1.5ML structures
requires a longer exposition than in 1.6 ML due
to a lower level superstress. The influence of
growth temperature on the PL spectra of relaxed
1.6 ML QD ensembles is shown in Fig. 13. It is
seen that the increase in the temperature leads to
the shift of PL peak position towards a longer
wavelength, i.e. the size of islands increases
similarly to the overcritical QD structures.

5. Conclusions

We have investigated theoretically and experi-
mentally the structural and optical properties of
QD ensembles in the Ge/Si(100) and InAs/
GaAs(100) system as functions of the growth
temperature, growth rate, effective thickness and
exposition time (in the case of subcritical InAs/
GaAs structures). It is shown that there exists a
good correlation between the results of simulations
within the frame of the developed kinetic model
and the experimental data obtained by AFM,
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Table 3

Kinetics and optical characteristics of subsritical InAs/GaAs(100) structures

Sample Effective thickness of Substrate temperature Exposition time QD PL peak position
InAs layer (ML) (°C) required for the QD (eV)
formation (s)

A 1.6 485 13 1.079

B 1.6 450 4 1.117

C 1.6 420 2 1.169

D 1.5 485 >90 —

E L.5 450 20 1.130

F 1.5 420 15 1.140

1.5 ML "
104

Time, sec.

1

T T T T T T T T
410 420 430 240 450 460 470 480 480
Substrate temperater,°C

Fig. 12. Temperature dependence of characteristic times of QD
formation in 1.5 and 1.6 ML InAs/GaAs(100) structures.

Intensity, a.u.

o 12 13 14
Photon energy, eV

Fig. 13. Temperature dependence of PL spectra from 1.6 ML
InAs/GaAs(100) QD for (a) T=485°C, (b) T=450°C and
(c) T=420°C.

TEM and PL diagnostics of the grown structures
for the both heteroepitaxial systems. It is found
that the structural and optical properties of QD
ensembles are essentially kinetically controlled. In
particular, the QD density increases and their size
decreases at higher growth rate and lower sub-
strate temperature. In the 2 ML InAs/GaAs(100)
system, the QD density reaches 1.2 x 10''cm 2 at
T =440°C and V= 0.1 ML/s, and therefore could
be used as the first layer of a vertically stacked QD
structure to fabricate a very dense array with
larger size of QD in the upper layers. It is
important that the obtained results provide a
quantitative characterization of QD ensembles in
terms of their size and density depending on the
technologically controlled growth conditions of
MBE. This gives a possibility for a kinetically
controlled engineering of QD ensembles with the
desired properties for various applications.
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