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Abstract

to be extremely challenging.

We have performed atomic force microscopy to investigate the effect of various indium compositions and

various AsHs flow times during cooling on the formation of self-assembled In,Ga; _ ,As quantum dots (QDs).

The In,Ga; _ ,As QDs were grown by metal-organic chemical vapour deposition using the Stranski-Krastanow (5-K)
growth mode. The migration of group lll species in the growth of In,Ga; _ ,As QDs is influenced by the AsH; flow
during the cooling period due to the increasing surface population of the active arsenic species. It influences the
size and density of the dots on the surface. For various indium compositions, an increase in In,Ga; _ ,As QD density
with increasing indium composition is observed. It indicates that the dot density depends on lattice parameters.
The dot density is inversely proportional to surface diffusion (o = R/D), with D = (2kT/h)/a” exp(—Ex/KT). In the
growth of In,Ga; _ ,As QDs using the S-K growth mode, the dots were formed on the surface as the effect of
elastic strain relaxation due to the lattice mismatch. Increasing indium composition affects the lattice mismatch of
the In,Ga; _ ,As/GaAs QD system, which influences the dot formation on the surface. However, due to the
stochastic nature of the nucleation of self-assembled growth, control of the spatial ordering of the QDs has proved
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Introduction

The fabrication of quantum dots (QDs) by self-assembled
processes has attracted increasing attention in the last few
years. This is of great importance for fundamental studies
as well as applications in novel semiconductor devices.
The QDs show unique physical properties due to their
zero-dimensional density of states [1,2] which can be used
for the realization of quantum dot lasers with very low
threshold current density and very high characteristic
temperature [3-6]. Self-assembled In,Ga; _ ,As QD struc-
tures have been considered as one of the promising candi-
dates for 1.3-um-long-wavelength devices [7]. It is a
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promising material for attractive optical device applica-
tions, such as QD lasers [8,9] and QD infrared photode-
tectors [10,11]. The performance of quantum dot devices
is affected by the size, shape, uniformity, composition,
density and structure of the dots [12].

High-quality In,Ga; _ ,As QDs can be easily fabricated
by MBE or metal-organic chemical vapour deposition
(MOCVD) via a self-assembled process known as the
Stranski-Krastanow (S-K) growth mode [13]. The growth
of In,Ga; _ ,As QDs on a GaAs substrate using the S-K
mode is based on the lattice mismatch at the interface be-
tween 0% and7.2%, which causes lattice strain in the layer
and creates defects, especially misfit dislocations at the
interface. The quality of In,Ga; _ ,As QDs grown on
lattice-mismatched GaAs depends largely on the indium
composition (x) and the thickness of the epilayer [14]. If
the lattice mismatch between the QDs and substrate is
small and the layer is thin, the mismatch is accommodated
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by strain in the layer [15]. In the S-K growth mode, the
mismatched epitaxy is initially accommodated by biaxial
compression in a layer-by-layer (two-dimensional (2D))
growth region, traditionally called the wetting layer. After
the deposition of a few monolayers, the strain energy in-
creases and the development of islands (three-dimensional
(3D)) becomes more favourable than the planar growth
[16]. There are some problems, however, such as the inev-
itable two-dimensional wetting layer residue, poor size
controllability, no ordering and very narrow range of
growth conditions. A number of studies have shown that
the growth of QDs by the S-K growth mode is complex
and very sensitive to growth conditions such as growth
temperature [1], growth rate [17] and V/III ratio [5,18].
There are not many publications on the effects of indium
composition and AsHj3 flow time during the cooling
period on the QD formations. In this work, we report the
surface morphology studies of In,Ga; _ ,As QDs by
atomic force microscopy (AFM) measurement as the im-
pacts of various AsHj flow periods during cooling and in-
dium composition in the QD formation.

Experiment

Self-assembled In,Ga; _ ,As QDs were grown on GaAs
(100) substrates via the S-K growth mode by MOCVD.
Precursors used for the growth of the GaAs layer and
In,Ga; _ ,As QDs were trimethylgallium (TMGa),
trimethylindium (TMIn) and arsine (AsH3). The group
III source materials were TMGa and TMIn, held in
temperature-controlled baths at -3.5°C and 17°C, re-
spectively, while arsine diluted to 10% in hydrogen was
the group V source. Palladium-diffused hydrogen was
used as the carrier gas. Prior to the growth, the substrate
temperature was increased up to 700°C for 10 min under
arsine flow to remove oxides on the substrate surface. The
growth was initiated from the GaAs buffer layer with a
thickness of 200 nm at 650°C, and then temperature
was reduced to 550°C for the growth of self-assembled
In,Ga; _ ,As QDs. Three samples with deposition times
of 4.5, 5 and 6 s were prepared. Other samples with 3
and 1 min of AsHj overflow during cooling down after
In,Ga; _ ,As deposition were also prepared. The
nominal indium composition of the self-assembled
In,Ga; _ ,As QDs was varied between 40% and 70%
with a V/III ratio fixed at 10.1 during deposition. The
growth rate for In,Ga; _ ,As QDs was set at 1.1 pum/h,
and the total pressure of the reactor was kept at 76 Torr
during the growth. The surface morphologies of all the
samples were studied in air at room temperature using
a SII AFM system. AFM is ideally suited for both the
visualization of nanostructure materials and the meas-
urement of the spatial dimensions of features on the
nanomaterial surfaces.
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Results and discussion

Figure 1 shows AFM micrographs of In,Ga; _ ,As QDs
on GaAs (100) substrates with growth times of 4.5, 5
and 6 s. These AFM images show the change of the sur-
face morphology of In,Ga; _ ,As QDs with increasing
growth time. The area density of In,Ga; _ ,As QDs for
samples (a), (b) and (c) is 1.04 x 10, 1.59 x 10" and
1.14 x 10" cm™?, respectively. A high dot density in the
order of 10" cm™ for all samples is in agreement with
other studies [6,7,12] on In,Ga; _ ,As QDs. AFM
analysis also shows that the average height and diameter
of In,Ga; _ ,As QDs for samples (a), (b), and (c) are
7 nm x 18 nm, 9 nm x 24 nm and 13 nm x 35 nm,
respectively. An increase in the QD size and some
excessive large dots (coalesced dots) were observed in
the case of 5 and 6 s of growth time. The size of the
In,Ga; _ ,As QDs gradually increases and the dot dens-
ity decreases with increasing growth time of QDs. The
large dots formed mainly due to the coalescence of small
dots. Evidence for the occurrence of this coalescence can
be detected from the increase in the number of relatively
larger dots with decreasing density. Although the mech-
anism of large dot formation is not yet well understood,
they probably form due to the large migration distance
of indium atoms along the GaAs step edges [12]. An in-
crease in both diameter and height was observed with
increasing growth time. This is due to the increase in
the dot nuclei on the surface because the longer growth
time of QDs causes the migration of indium and gallium
atoms.

Another reason for the larger dots to form on the sur-
face was because the deposition layer during the S-K
growth mode was thicker than the critical thickness.
The coherent dots appear beyond a critical thickness of
the deposited layer during the S-K growth mode. In-
creasing growth time contributed to the exceedance of
the self-assembled QD thickness beyond the critical
thickness, which then contributed to the formation of
several large dots as shown in AFM images. The S-K
growth mode is a damage-free formation of dot struc-
tures directly on the epilayer surface by self-assembled
mechanisms. However, the QDs are not sufficiently uni-
form in size and distribution [12].

Figure 2 shows typical AFM images of In,Ga; _ ,As
QDs grown on GaAs substrates with (a) 3 and (b) 1 min
of AsHj overflow period during cooling down. These
AFM images show that the dots are elongated in the [110]
direction with different AsHj overflow periods. It was be-
cause the dots were easily grown near the step edges of
GaAs multi-atomic steps compared to the terrace centres.
In the deposition process during epitaxial growth by
MOCVD, the GaAs multi-atomic steps naturally formed
along the [110] direction as an effect of substrate
misorientation. The morphology of the GaAs buffer layer
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Figure 1 AFM images of In,Ga; _ ,As QDs with (a) 4.5, (b) 5 and (c) 6 s of growth time.

strongly influences the dot formation on the surface as
shown by Xie et al. [19]. The AFM measurements show
that the average dot height was 7 nm, the average diam-
eter was 18 nm and the density was 1.04 x 10" cm ™2 with
3 min of AsHj; overflow period, while the In,Ga; _ ,As
QDs on the GaAs substrate with 1 min of AsH; overflow
during cooling have an average diameter of 23 nm, height
of 8 nm and density of 4.54 x 10'° cm ™,

The AsHj overflow time during cooling strongly af-
fects dot nucleation. The dot density and morphology
drastically change with different periods of AsHj over-
flow during this cooling down. The longer AsHj over-
flow period causes quicker nucleation of In,Ga; _ ,As
QDs, which then results in larger size and low QD dens-
ity. The different AsHj overflow periods during cooling
affect the migration of gallium and indium atoms due to
the increase of the surface population of active AsHj
species. Riel et al. [20] stated that the migration of group
III species is due to the AsHj pressure. However, the
exact mechanism by which AsHj encourages indium
and gallium redistribution is still unclear. The AsHj
overflow during cooling may affect the kinetics of the
dot formation by changing its binding energy. These
then change the surface energy and thermodynamic
equilibrium of the QD ensembles. In principle, both

kinetic and thermodynamic limitations can influence the
size, shape, uniformity, density and composition of the
dots.

Figure 3a,b,c,d compares the surface morphology of
the In,Ga; _ ;As QDs deposited with different indium
compositions. The statistical result of the former sam-
ples by AFM analysis is shown in Table 1. When the in-
dium composition is increased from 40% to 70%, the
average dot size and density fluctuate. The main reason
for the evolution of the dots on the growth of self-
assembled In,Ga; _ ,As QDs is the different critical
thicknesses of the dots due to the increment of indium
composition. In the S-K growth mode, when the thick-
ness of the dots is more than the critical layer thickness,
several small dots are merged into larger dots which de-
creases the area dot density [21,22].

In general, sizes and densities show an inverse behav-
iour: with increasing deposition temperature and de-
creasing deposition rate, R, the typical sizes of the
coherent dots increase, whereas the typical surface dens-
ities decrease [23]. The mathematical calculation of the
density (p) follows power nucleation:

p=(R/D)§ (1)
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Figure 2 AFM images of In,Ga; _ ,As QDs grown on GaAs substrates with different AsHz overflow periods. (a) 3 min. (b) 1 min.
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Figure 3 AFM images of In,Ga; _ ,As QDs grown on GaAs substrates with different indium compositions. (a) 40%. (b) 50%. (c) 60%.
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D = (2T /h)/a? exp(~Ep/KT) 2)

where D is the surface diffusion coefficient, k is the
Boltzmann constant, % is the Planck constant, T is the
temperature, a is the lattice parameter and Ep, is the ac-
tivation energy related to the mobility of the surface
atoms. Except for very high densities of the 3D island,
the exponent & was found to be 1D [24].

Equation 2 shows that the lattice parameter of the
dots affects the surface diffusion coefficient. In our
work, the different indium compositions on the
In,Ga; _ ,As QDs have caused the difference in the
lattice parameter. The relationship between lattice

Table 1 The statistic result of AFM analysis of the
In,Ga, _ ,As QDs with different indium compositions

Name Indium Mean Area dot
composition - . density
%) Height (hnm) Diameter (nm) (10" cm™)
Sample (a) 40 6 17 1.68
Sample (b) 50 8 23 453
Sample (c) 60 6 16 5.10
Sample (d) 70 11 32 093

constant (a) and indium mole fraction (x) was given by
the empirical equation [25]:

a = 6.05843-0.405(1-x) (3)

From Equation 3, the lattice parameter increases with in-
creasing indium composition. This then causes an increase
in the surface diffusion coefficient as in Equation 2. The
correlation between dot density and lattice parameter is
the combination of Equations 1, 2 and 3. Assuming a con-
stant growth rate, the dot density increases with increasing
indium composition in the In,Ga; _ ,As QDs. This result
is similar to our experiment, where the dot density has also
increased when the composition of indium was increased
from 40% to 60%. In another result in our experiment, the
dot density has decreased with increasing indium compos-
ition from 60% to 70%. In this case, the increment indium
composition may influence the change in the growth rate
of In,Ga; _ ,As QDs. As shown by Clayton and Irvine [26],
the growth rate is increased with the partial pressure of
TMGa due to a greater supply of -CHj; radical in the gas
phase and more Ga species deposited on the surface. This
may be similar to TMIn, where the growth rate has in-
creased with increasing indium composition as the effect
of high TMIn flow into the chamber.
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Yu et al. [6] showed that a higher indium component re-
duces the critical thickness as observed in this work at
70% indium composition. The increasing indium atoms
tend to adhere to the existing QDs when growth interrup-
tion was introduced in the QD-forming period and
resulting larger dots. On the other hand, the dot density
increases as the indium composition increases. The pre-
existing indium atoms play the role of nucleation sites and
the origin of the shortened diffusion length [27]. In this
work, the increment of indium composition contributed
to the increase of dot density, but at a higher indium com-
position (0.7), the dots became larger in size and have de-
creased in area density as shown in the AFM images.

In the formation of self-assembled In,Ga; _ ,As QDs
via the S-K growth mode, the dot formation (3D) occurs
following the layer-by-layer/wetting layer (2D). The tran-
sition from layer-by-layer to dot growth occurs at the
critical layer thickness which is slightly dependent on
the surface energy, strain energy and lattice mismatch of
the system [6,28]. When In,Ga; _ ,As is deposited on
the GaAs substrate, the possibility of the island forma-
tion process on the surface can be understood with the
equilibrium growth mode or interfacial misfit disloca-
tion. Since the formation of the wetting layer (2D) oc-
curs on the surface, as the wetting layer gets thicker, the
associated strain energy increases rapidly. In order to re-
lieve the strain, the island occurs in either a dislocated
or an elastic deformation [29].

In dislocated islands, strain relief arises by forming inter-
facial misfit dislocation. The reduction of strain energy is
accommodated by the introduction of generally greater
than the concomitant cost of increased surface energy as-
sociated with creating the cluster. The dot formation de-
pends on the critical thickness of the wetting layer, which
is strongly dependent on the lattice mismatch between
In,Ga; _ ,As QDs and GaAs substrate. In another case,
the dislocation-free dots can be formed during the S-K
growth mode by the introduction of undulation into the
near-surface layer of the substrate. These regions of local
curvature serve to elastically deform both the substrate
and dots. Because of this, the S-K growth mode is typically
synonymous with the growth of a wetting layer followed
by the nucleation of elastically strained islands, rather than
islands containing dislocations [29]. The dots were formed
on the surface as the effect of the elastic strain relaxation
of the lattice mismatch.

The mismatch between the lattices causes a strain
known as the lattice mismatch strain, which can be de-
fined as:

f

_ ds—ae

(4)

e

where a, is the relaxed lattice constant of the substrate
and a, is the relaxed lattice constant of the epitaxial layer.

Page 5 of 6

The variation of indium composition affects the lattice
mismatch of the In,Ga; _ ,As/GaAs QD system. The lat-
tice mismatch increases with increasing indium compos-
ition in the dots (Equation 4). The QD formation,
evolution and defect introduction depend strongly on the
balance between the surface energy and the strain energy
of the system and the growth kinetics. In the growth of
self-assembled hetero-epitaxial QDs, the effect of strain
due to the lattice mismatch between the substrate and
epilayer is an important factor on the surface morphology.

Conclusion

The surface properties of self-assembled In,Ga; _ ,As
QDs grown on GaAs substrates using the S-K growth
mode have been analyzed by AFM. Different AsH3 over-
flow times during cooling down period and indium com-
positions on the self-assembled In,Ga; _ ,As QDs have
affected the dot formation on the surface. The AsHj
overflow during cooling affects the change in the surface
energy and thermodynamic equilibrium of the QD en-
sembles. For the various indium compositions investi-
gated, the density of the dots was strongly influenced by
the lattice parameter. The surface diffusion of the dots
changes with the change in the lattice parameter as the
effect of different indium compositions in the self-
assembled In,Ga; _ ,As QDs. The formation of the dots
via the S-K growth mode is slightly dependent on the
lattice mismatch system. The variation of indium com-
position affects the lattice mismatch of In,Ga; _ ,As
QDs, which then causes the change in the area dot dens-
ity. Various indium compositions on the growth of QDs
have also shown the effect of surface diffusion and lattice
mismatch on dot formation.
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