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Abstract

Lateral ordering of InGaAs quantum dots on the GaAs (001) surface has been achieved in
earlier reports, resembling an anisotropic pattern. In this work, we present a method of breaking
the anisotropy of ordered quantum dots (QDs) by changing the growth environment. We show
experimentally that using As, molecules instead of As, as a background flux is efficient in
controlling the diffusion of distant Ga adatoms to make it possible to produce isotropic ordering
of InGaAs QDs over GaAs (001). The control of the lateral ordering of QDs under As, flux has
enabled us to improve their optical properties. Our results are consistent with reported
experimental and theoretical data for structure and diffusion on the GaAs surface.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

To date there has been extensive research devoted to fabrication
of self-assembled quantum dots (SAQDs) via the Stranski—
Krastanov growth mode [1]. The incorporation of quantum
dots (QDs) in various devices has been subsequently found to
result in large improvements in performance (e.g., of quantum
dot lasers, detectors and photonic crystals) [2, 3]. However,
in order to use these SAQDs in large-scale integrated devices
a high degree of size and shape uniformity and control over
spatial positioning of the quantum dots (QDs) is required [4].
Vertical ordering of dots is achieved in multilayer structures
provided the thickness of the ‘spacer layer’ (barrier layer) is
similar to the lateral dimension of individual dots [5, 6]. This
is due to the elastic interaction of the strained SAQDs during
the epitaxial growth of quantum dot multilayer structures and
can lead to both improved size uniformity and a lateral ordering
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of dots, which results in the possibility of realizing long-range
correlation in the electronic structure of the dot assembly [7, 8].
Ideally desired is a periodic superstructure of uniform QDs, but
this has not yet been achieved. Usually, the Stranski—Krastanov
(SK) growth of InGaAs QDs on GaAs(100) is limited in
device applications due to randomly distributed QDs on a
plane within a structure [9]. While recent approaches using
lithographic techniques have demonstrated successful lateral
ordering of QDs [10-12], these methods require expensive
processing steps, which also introduce possible defects that can
also prevent successful application.

In an effort to overcome some of the difficulties inherent
to the lateral and vertical ordering of InGaAs QDs on the
GaAs (001) surface, the authors have recently investigated
using the technique of self-assembly through vertical stacking
of QDs with a growth at relatively high temperatures [13]. For
example, ‘chains’ of ordered QDs have been fabricated using
this approach [14—16]. Effective 3D ordering of QDs has been
demonstrated over high-index surfaces [17], where regular
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surface meshes of different unit cell sizes were grown. All
of the above mentioned self-assembled QD’s become ordered
due to the interacting strain fields of successive QD layers and
surface diffusion.

It is apparent that new possibilities in 3D self-directed QD
ordering could be achieved if strain and anisotropic diffusion
can be controlled separately. One of the known effective
ways to change surface diffusion is the deposition of a few
monolayers (MLs) of another material on a growth surface [18]
or a change in the source gas composition [19]. Improvement
of InAs QDs optical properties was reported, where As, flux
was used instead of usual Ass [20, 21], but differences in
physical processes of lateral and vertical QDs ordering were
not under investigations.

In this paper, we report on experiments that use either Asy
or As; as the arsenic source gas for growth of InGaAs/GaAs
QD superlattices to study the role of both surface diffusion
and elastic strain in the formation and development of 3D
ordering of the QDs in a GaAs matrix. In particular, our
findings show an influence of As flux type on multilayered
growth of (In, Ga)As QDs on GaAs (100). This provides
an excellent opportunity to vary and control the symmetry of
the diffusion and strain pattern in each layer with the aim to
optimize the spatial ordering of nanostructures with identical
sizes and shapes in multilayers of QDs. This influence of
changing the As species during growth on the size distributions
and 3D patterns of ordering of the QDs and on the PL spectra
was analyzed.

2. Experiments

The InGaAs QDs were grown by molecular beam epitaxy
(MBE) on semi-insulating GaAs (100) substrates. Following
a 0.3 um GaAs buffer layer grown at 580°C to smooth the
surface, the growth of InGaAs QDs capped by 60 MLs of GaAs
was repeated for a 15 layers superlattice grown at 540°C. A
final QD layer was growth and left uncapped for morphology
analysis. Two different species of arsenic were used as sources,
Asy and As,, which was produced by cracking Ass molecules
at 900°C. The V/III ratio of the beam equivalent pressure
was kept at 15:1 in both cases in order to supply sufficient
As atoms so that the growth always proceed in a strongly
group III limited regime. For each As species three sets of
QD samples were grown using In,Ga;_As where x was equal
to 0.3, 0.4, and 0.5 with nominal thicknesses of 15.5, 8.5 and
5.7 MLs respectively. These thicknesses were chosen to be
25% above the critical thickness for 2D to 3D transition for
each composition. Growth interrupts were introduced during
the InGaAs layer growth to enhance the surface migration of
available adatoms.

The QD growth was monitored by in situ reflection high
energy electron diffraction. Following the growth, surface
morphologies of the samples were analyzed by atomic force
microscopy (AFM) to uncover distributions in the shape,
size, and lateral arrangement of the QDs. Lateral and
vertical ordering of the QDs, as well as residual strain
was investigated by high-resolution x-ray reciprocal space
mapping. PL measurements were performed at 10-300 K

under low intensity excitation by continuous wave YAG laser
(wavelength of 532 nm) in order to understand the optical
quality of the superlattices.

3. Results and discussion

It is well known that for our growth conditions the maximum
sticking coefficient is only 0.5 for As4, but can reach 1.0 for
As,. However, for sufficient overpressure of As with these
same growth conditions, the sticking coefficient for Ga and In
is very readily 1.0 [22]. Therefore, the amount of material
grown is completely determined by the group III flux. So,
it is left up to the group V flux to affect changes in the
surface diffusivity of the group III atoms resulting in the many
observed, distinct quantum dot structures. Figure 1 shows
AFM topographic images of single layers and multilayers for
x = 0.4, which were grown under Ass and As, fluxes. QDs
in the single layer structures have weak lateral ordering for
both Ass and As, fluxes (figures 1(a) and (b)). However, it
is apparent, that the sample grown using As,, figure 1(b), is
already more uniform and somewhat more ordered than the
one using Asy, figure 1(a), after just the first layer. It can be
seen that a small fraction of the QDs are positioned in chains
along the [011] crystallographic direction for the first layer of
the As, sample. After further growth, completing the full 15
period structure, well defined periodic dot-chains are observed
(figures 1(c) and (d)) for both Ass and As, growth (figures 1(c)
and (d)). The anisotropic surface diffusion coupled with the
interlayer strain relaxation of the InGaAs layers determines this
organization of the QDs on the final surface [14, 15]. At the
same time, it is found that the use of either As, or As; during
the growth causes significant differences in density and size of
the QDs. The QD density goes up by a factor of two when
using Ass as compared to Asp. From analysis of figure 1, it
is found that the densities of the QDs on the surface are 420
and 280 dots um~2 for use of Asy and As,, respectively in the
single layer structures and are 280 and 140 dots um~2 for use
of Asy and As,, respectively in the multilayer structures. A
trend is also found in the average diameters of the QDs. The
insets of figures 1(a)—(d) show the averaged cross-sectional
profiles of the QDs along [011] direction. The As4-grown QDs
are smaller in each case than similarly grown QDs using As,
where the average height and diameter remains practically the
same from first to the 16th layer. These data imply a generally
higher surface mobility for QD growth using As, as compared
to Asy.

To reinforce this idea that the As, grown QDs achieve a
higher degree of order than the Asy grown QDs starting with
the first layer, we perform 2D fast Fourier transforms (FFT)
of the 3 um x 3 um AFM data, figure 2. For the single
layer structures, these FFTs exhibit two broad bow-shaped
maxima for Asys (figure 2(a)) and sharp (in [011] direction)
and broad (in (01 1]) pairs of maxima for As, grown structures.
Corresponding cross-sections are shown in the figure 2(e)
where the curve 2 shows narrower maximum at 95 nm for
As, grown sample instead of broad maximum at 65 nm for
the Ass grown one. We found that for multilayer structures
the width of FFT peaks (e.g., degree of QDs ordering in [011]
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Figure 1. AFM images of the Iny4Gay¢As QD’s on single layer structures ((a), (b)) and 15.5 period structures ((c), (d)) grown using As, ((a),
(c)) and As, ((b), (d)) background fluxes under identical conditions. Insertions in (a)—(d) show the cross-sections (linear profiles) along the
[011] direction of most typical QDs determined from size distribution functions (vertical and horizontal scale bars correspond to 6 and

40 nm). Horizontal scale bar corresponds to 250 nm, height gray-color scale corresponds to 15 nm.
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Figure 2. FFTs of AFM data from In, 4Gay ¢As/GaAs structures in figure 1: single layer structures grown using As, (a) and As, (b) fluxes;

15.5 period structures (c¢) and (d). Cross-sections of corresponding 2D FFTs (e) along showed lines. Cross-sections 3 and 4 are shifted up to
0.1 nm!/? for better visualization. (FFT’s size is 2 um~! x 63.7 um~'. FFTs were calculated from 3 yum x 3 pm scans.)
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Figure 3. AFM images of Iny sGagsAs ((a), (b)) and Ing3Gag7As ((c), (d)) nano-features in multilayered structures grown using Asy
(left column) and As, (right column) gas fluxes. Horizontal scale bar corresponds to 250 nm, height gray-color scale corresponds to 20 nm.

direction) are equal for Ass and As; fluxes (figure 2(e), curves
3 and 4). However, the spacing of the QD chains is larger
for the case of As, flux (111 nm versus 83 nm in [011]).
A similar trend is observed for multilayer structures in the
perpendicular [011] direction where the QD spacing is larger
for As;-grown QDs in comparison with the Ass-grown ones
(56 versus 44 nm). Therefore, we find that the difference
in surface diffusion caused by the use of As; instead of Asy
coupled with the elastic strain fields that propagate between
QD layers creates a significant difference in the resulting QD
morphology after the growth of a QD superlattice. This allows
us a degree of control over the lateral ordering of QDs in the
self-assembly process and determining the final morphology of
the superlattice InGaAs QD arrays.

We also analyzed the dependence of QD ordering on
composition and nominal thickness of deposited wetting layer
both for As4 and As; fluxes. Figures 3 and 4 show AFM images
of surfaces and high-resolution x-ray diffraction reciprocal
space maps of our superlattice structures of In, Ga;_, As/GaAs
where x = 0.3 for 15.5 MLs and x = 0.5 for 5.7 MLs. In each
sample the GaAs spacer layer was 60 MLs. For each of these
compositions the dot layers exceed the critical thickness for
relaxation by 25%. As it is seen from figure 3, composition

increasing from x = 0.3 to 0.5 leads to InGaAs nano-feature
transformations from wire-like to closely packed dot-chains
in the case of Ass flux (figures 3(c) and (a)), and from large
elongated QDs to small well separated QDs in the case of
As, flux (figures 3(d) and (b)). The distances between nano-
features in [011] and [011] surface directions determined by
AFM and x-ray are shown in table 1. We should note that
distribution width of measured distances was about =5 nm for
AFM and +10 nm for x-ray investigations. X-ray data were
extracted from the 004 and 113 x-ray reciprocal maps using
common fitting procedures based on the dynamic theory of x-
ray scattering [23-25]. Typical x-ray reciprocal space maps
are shown in figure 4. There are clearly observed systems of
satellite maxima corresponding to the vertical (central part) and
the lateral (left and right maxima) periodicities in our structure.
The lateral QD’s spacing was determined for various azimuthal
directions based on location measurements for lateral satellites
on reciprocal maps. Slight inclination of the lateral satellites
from the line perpendicular to the vertical satellites indicates
vertical ordering of QDs that is inclined (2°-3°) to the sample
surface normal, as was published in [26, 27].

Both AFM and x-ray data show a general decreasing of
nano-features spacing in the [011] direction with increasing
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Figure 4. 004 ((a), (b)) and 113 ((c), (d)) reciprocal space maps of the Iny sGay sAs/GaAs multilayer heterostructures grown with As4 ((a),
(c)) and As; ((b), (d)) fluxes. Conventional Cu Ko x-ray source, diffraction plane is perpendicular to the [110] direction. Dot satellites D;
denotes the ith dot satellite along the Q. direction centered on the SL; multi-quantum well diffraction peak.

Table 1. X-ray and AFM data. For x = 0.4 AFM determined distances in [011] have FWHM of 5 nm (for cross-section line
measurements) and £15 nm (for 2D FFT measurements). Note that small difference in absolute values between AFM and x-ray data

explained by volume averaging in the case of x-ray.

X-ray data QDs lateral distances, (nm)

AFM data QDs lateral distances, (nm)

AS4 A52 AS4 ASz
x [011] [011] [011] [011] [011] [011] [011] [011]
03 97 QWR-like* 97  Overlapped® 102  QWR-like 113 133
04 78 Overlapped 102 57 83 44 111 56
0.5 84 55.6 100 65.7 86 65 113 67

2 ‘*QWR-like’ denotes wire-like structure.

b *Overlapped’ denotes closely packed dot-chains with overlapped strain fields.

of In content in the case of Ass flux (table 1) but a larger
approximately constant QD spacing with change in In content
for As, flux. Influence of flux composition and In content in
In,Ga;_,As alloys on QD spacing is more significant in the
orthogonal [OII] direction. In the case of x = 0.3 and As,
flux, we have the largest QDs and largest spacing (figure 3(d)),
while for As, flux there is a wire-like structure (figure 3(c)) For

the x = 0.4, a spacing value difference is observed between
Asy and As, grown QDs (figures 2(c) and (d)). But, in the case
of x = 0.5, the Ass QD spacing in dot-chains ([OI 1] direction)
is almost identical to the As, for these structures.

Certainly, the observed differences in QD ordering must
be accompanied by changing in the deformation fields. We
have estimated the typical deformation values for the GaAs
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Table 2. Deformation values for GaAs spacer and InGaAs layers obtained from x-ray.

Deformations € x 1073

Average vertical period of

QD’s volume over 1 tm?

GaAs spacer InGaAs layers multilayer structure d, (nm) V x 10% nm??
AS4 ASz AS4 ASz
X 6‘[01]]/6[0{1] 6‘[0]1]/6‘[0}1] 6[01]]/6[011] 6‘[01]]/6[0{1] Nominal AS4 A52 Nominal AS4* ASZ*
03 1.75/1.75 1.51/1.51 20.0/18.0 20.0/20.0 21.3 226 232 4.38 0.90/21% 1.92/44%
04 1.85/1.85 1.85/1.85 20.0/19.0 17.0/17.0 194 19.9 20.0 2.40 1.06/44% 1.06/44%
05 1.71/1.48 1.41/1.16 19.2/17.5 18.4/17.0 18.6 18.5 18.8 1.61 0.39/24%  0.81/50%

2 Columns show total volume of QDs over 1 x 1 um? and relative difference between nominally deposited wetting layer

volume and total volume of QDs in %.

spacer and InGaAs layers separately from corresponding x-ray
measurements in [011] and [Oil] directions (table 2). It was
established that deformation in GaAs spacer layers is almost
completely isotropic in the Ass- and Asp-grown structures
(except for x = 0.5 structures). However, there is deformation
anisotropy in Asg-grown InGaAs layers (€011 > €|y7;))- Here,
we should note the isotropic deformation in the As, grown
In,Ga;_,As for x = 0.3 and 0.4. Moreover, as can be seen
from the x-ray data the deformation values are smaller in GaAs
and InGaAs layers for As, grown structures in comparison with
the As4-grown ones. This is in general a result of the larger
nanostructures that provide a greater amount of relaxation of
the strain in the InGaAs layers.

The peculiarities described above regarding the surface
morphology and the deformation fields are accompanied by
different amounts of material involved in the nano-feature
formation. We summarized the total volume of QDs using
AFM data and compared it with the nominal volume of
deposited InGaAs material (see table 2). This demonstrates
that there is a nearly constant difference between the nominal
and grown volumes of the nano-features in the case of As, flux
for all the compositions of In,Ga;_,As layers, i.e., 44% from
nominal, and that there is about half of that difference using
As, flux. Note, that the total QD volume is the same for the
Asy and As; grown structures in the case of x = 0.4 at the
same spacer deformations and average vertical period in both
structures.

For the QD size distribution, we attribute all of the
differences to differences in the surface diffusion lengths of
In and Ga during growth with As, or Ass. If the diffusion
length is small, there will be a high density of small dots, Asy.
If the diffusion length is large, there will be a low density of
large dots, As,. In general, this holds true for the dot-chains
and wires, i.e., a high density of dots in one direction can
form a wire. These differences should not be confused with
the differences resulting from composition change between
different samples which are mainly due to the strain build up
and relaxation in the InGaAs layers [28].

The strong PL in figure 5 demonstrates that with all of
the studied changes in growth conditions we still attain a high
quality QD superlattice capable of narrow linewidth exciton
recombination. In general we find that the PL maxima, which
is due to quantum confinement in the nanostructures, shifts to
lower energy with increased In content as we would expect.
However, since the confinement energy is strongly dependent

(@) As, (b) As,
In=0.3 In=0.3
FWHM FWHM

g_:g 31.2 meV 31.5 meV
2

(2]
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Figure 5. Low temperature (7 = 10 K) normalized PL spectra of
two sets of samples: (a), (c), (e)—grown using As, and (b), (d),
(f)—grown using As,. All PL spectra were taken using the same
excitation density of 1 W cm™2. The full-width at half-maximum
(FWHM) is shown for each spectrum.

on the height of the nanostructure, we see some fluctuations
in peak energy due to the shape of the nanostructure as grown
under different conditions. These fluctuations are completely
corroborated by AFM measurements.

The use of the As, background for effective manipulation
of QD shape, positioning and deformations can be understood
by considering surface diffusion. Due to the nature of the (2 x
4) GaAs(100) surface reconstruction, the adatoms diffusion
length along [011] direction is much larger in comparison with
that for [011] direction [29].

This anisotropic surface diffusion leads to elongation of
the QDs in each layer along the direction of higher mobility.
This elongation in turn creates anisotropic strain fields in each
capping layer (strain in the [011] direction is smaller than
in [011] [25]), which then enhances the elongation of the
QDs subsequently forming chains or wires. The difference
between the Asy and As, appears to be in terms of limiting
the ultimate diffusion lengths. A microprobe-RHEED/SEM
study has shown that the lateral flow of Ga atoms is reduced
under As; flux in comparison with Ass [30]. Since the As;
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does not need to be cracked in order to incorporate into the
crystal [31], having that as the arsenic source provides a lower
energy barrier for incorporation and thus a shorter diffusion
length for the adatoms [32]. This, as can be seen from the AFM
images of figures 1 and 3 helps to keep the QDs as separate
entities forming chains of QDs instead of wires.

4. Conclusions

Detailed AFM, x-ray and PL investigations of the QD self-
directed ordering under As; and As, fluxes was curried out.
It was established that due to differences in the adatom
incorporation mechanisms from Asy and As, fluxes the surface
diffusion and deformation anisotropy are significantly different
for samples grown using the different species. These facts
provide new possibilities for precise governing of QD self-
directed 3D ordering and improvement of their structural and
optical properties.
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