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Chapter 1

Introduction

1.1 Background and motivation

It is generally known that charge carriers (electrons and/or holes) in bulk
semiconductors can move in all three spatial dimensions and behave like the free
particles which their energy levels and density of states are continuous. If any of the
structural dimensions is squeezed to be comparable to the de Broglie wavelength of
the carrier or the exciton Bohr radius, the motion of charge carriers becomes restricted
in the corresponding direction, leading to the quantum confinement effect at which
the carrier energy levels and density of states are decided by the structural size.
Therefore, the electronic and optical properties are entirely different from the bulks.
This is a starting point of the study of low-dimensional structures or nanostructures.
The low-dimensional structures are often categorized by the confinement dimension
into three types: one-, two-, and three-dimensional confinements which are referred to
quantum well (QW), quantum wire (QWR), and quantum dot (QD), respectively. In
addition to these structures, quantum ring (QR) is a kind of nanostructure with three-
dimensional confinement. Unlike the QD, the ground state energy of a carrier moving
along the QR becomes periodic when a magnetic flux threads the inner part of the
QR. This is called Aharonov-Bohm type oscillations. Such a periodic ground state
energy also gives rise to a persistent current [1].

I11-V compound semiconductor nanostructures have been of interest for a long
time not only in the fundamental physics but also in the novel applications. According
to the three-dimensional confinement of the QDs, the delta-like density of states and
discrete energy levels for the carriers are obtained. For this reason, QDs can be seen
as artificial atoms. With such unique properties, the integration of QDs into
semiconductor devices can improve the performance, for instance, low-threshold-
current QD lasers [2] and long-storage-time QD flash memories [3]. Semiconductor
nanostructures can be fabricated by top-down and bottom-up approaches. The top-
down approach is based on micro- and nanofabrication technologies such as chemical
etching, lithography, and ion beam milling. Although the controllable size and
arrangement can be achieved, the nanostructures produced by this method frequently



contain defects and contaminants due to the fabrication process, degrading the device
performance. To overcome these limitations, the bottom-up approach or self-assembly
which utilizes the epitaxial growth techniques has been introduced as an efficient way
to create the nanostructures. Self-assembled nanostructures contain very low defect
density or even no defects, resulting in good electronic, electrical, and optical
properties. That is why the self-assembled nanostructures gain more attraction from
new generation applications in optoelectronic devices and quantum information
technologies.

Stranski-Krastanov (SK) method is a well-known self-assembly technique for
the growth of semiconductor nanostructures, in particular QDs. Nevertheless, the
compressive strain from a lattice mismatch between an epitaxial layer and a substrate
is required for the self-assembled QDs grown by the SK method since the QD
formation relies on strain-driven mechanisms. This is a significant limitation of the
SK method. Droplet epitaxy which is an alternative method is therefore proposed to
extend the self-assembly approach to the lattice-matched systems in addition to the
lattice-mismatched ones [4]. In general, droplet epitaxy consists of two steps: the
formation of liquid metallic droplets by irradiating group-l1ll element(s) on the
substrate, and the supply of group-V element(s) in order to crystallize such droplets
into the 111-V nanostructures. The difference between the SK method and droplet
epitaxy is the sequence of the deposition of group-Ill and group-V elements, i.e.,
group-I1l and group-V elements are simultaneously deposited in the SK method,
whereas group-1ll element(s) is deposited prior to group-V element(s) for droplet
epitaxy. Consequently, droplet epitaxy can be applied to both lattice-matched and
lattice-mismatched systems because the strain is not necessary. Droplet epitaxy also
offers high degree of freedom to engineer the feature and density of nanostructures
via the variations of the growth parameters such as deposition rate of group-Il|
element(s), group-V flux intensity, and substrate temperature. It is worth pointing out
that the strain occurring during crystallization in the case of lattice-mismatched
droplet epitaxy should be taken into account as it affects the morphology of
nanostructures and their electronic structures.

Among various semiconductor nanostructures, GaSb/GaAs nanostructures

have drawn much attention over the past few decades due to the staggered type-I1I



band alignment. For GaSb nanostructures in a GaAs matrix, holes are strongly
localized in the GaSb region, while electrons in the GaAs matrix reside around the
GaSbh/GaAs interface via the Coulomb attraction. GaSb/GaAs QDs grown by the SK
method have been extensively studied [5-7]. Since a spatial separation between
electron and hole wave functions results in a low transition probability and decreases
the carrier recombination rate, the GaSbh/GaAs QDs are suitable for solar cells [8] and
high-operating-temperature infrared photodetectors [9]. The large hole confinement
potential of 450 meV makes the GaSh/GaAs QDs promising for memory devices with
long storage time [10]. Even these intrinsic properties hinder the realization of light
sources, the photoluminescence (PL) and electroluminescence (EL) from the
GaSh/GaAs QDs can be observed at room temperature by performing the long Sb
exposure after the QD growth. Also, the light-emitting diodes and lasers have been
demonstrated [11, 12]. To enhance the light emission efficiency, GaSh/GaAs QRs
which have more surface area for radiative recombination than the QDs [9] are
utilized. In addition, the QRs contain fewer defects and less strain than the QDs [13].
According to these merits, multi-stacked QR solar cells can be grown without the
need of strain compensation [14]. Apart from the application point of view, the
GaSb/GaAs QRs feature in the fundamental physics. For instance, they are a good
candidate for the observation of strong optical exciton Aharov-Bohm effect, i.e., an
oscillatory component in the energy of the optically active states [15].

The fabrication of self-assembled GaSb/GaAs QRs is usually based on the
growth of GaSh/GaAs QDs by the SK method, and followed by soaking with a proper
Sb/As ratio [9] or capping with a GaAs layer [16]. An As-for-Sh exchange reaction is
responsible for the QD-to-QR transition. However, the QD/QR mixture might appear
because such a transition is not a spontaneous process [17]. It has been found that the
GaSb/GaAs QRs can be spontaneously formed by molecular beam epitaxy with an
unusual growth procedure as a consequence of the wetting layer instability [18].
Furthermore, the utilization of a partial-capping-and-regrowth technique is another
way to obtain the QRs [19]. It is evident that such methods require the additional
process and the specific conditions. Droplet epitaxy which is a simple and flexible
method is thus introduced in the GaSb/GaAs system. For this method, the GaSh/GaAs
nanostructures are achieved by the incorporation of Sb atoms into the liquid Ga



droplets which are primarily deposited on the GaAs surface. According to droplet
epitaxy, various kinds of self-assembled GaSh/GaAs nanostructures should have been
reported. In fact, the QDs are mostly studied [20-23], whereas there are very few
works on the QRs [24]. It is worth remembering that the low growth temperature is
required for droplet epitaxy in order to avoid the desorption of the droplets. At low
temperature, the Sb atoms supplied to the growth surface can condense in a form of a
polycrystalline granular layer [20]. Hence, the critical factors in the crystallization
process are substrate temperature, Sb flux intensity, and crystallization time. Besides,
the compressive strain caused by the lattice mismatch between GaSbh and GaAs may
give rise to some deviations of nanostructure morphology from the expectations.
From these issues, it is clear that there is more room for tailoring the properties of
GaSbh/GaAs nanostructures grown by droplet epitaxy through the growth conditions to

satisfy the requirements for the scientific studies or the promising applications.

1.2 Objectives and limitations

It is generally accepted that the properties of self-assembled nanostructures
strongly depend on the growth conditions which determine morphology, density, and
composition of the nanostructures. As aforementioned, droplet epitaxy provides many
possibilities for the fabrication of a variety of 111-VV compound nanostructures, and the
better understanding of type-1l GaSb/GaAs nanostructures is still needed. The
investigation of the effect of growth parameters on the structural and optical
properties of the GaSh/GaAs nanostructures grown by droplet epitaxy is therefore the
main objective of this dissertation. There are several growth parameters studied here
such as crystallization time, Ga amount, Ga deposition rate, and substrate
temperature. Nevertheless, the Sb flux intensity cannot be adjusted over a wide range
and seems to be limited up to ~10°° Torr owing to a technical limit of a valved-cracker
cell. The self-assembled GaSbh nanostructures are grown on the GaAs (001) substrates
by droplet epitaxy using solid-source molecular beam epitaxy (MBE). The evolution
of Ga droplets during crystallization with the Sb flux is tracked by reflection high
energy electron diffraction (RHEED) to find the proper crystallization time such that
the Ga droplets are completely crystallized into the GaSb nanostructures without the
formation of polycrystalline granular Sb layer. Atomic force microscopy (AFM) is



employed to examine the morphology of GaSb/GaAs nanostructures. The optical
properties of the GaSb nanostructures embedded in the GaAs matrix are characterized
by photoluminescence (PL) spectroscopy. The temperature- and power-dependent PL
measurements are performed to study the carrier behavior and the ability of hole
confinement in the GaSb nanostructures. Moreover, the simple models are proposed

to describe some experimental results.

1.3 Overview

The significance of semiconductor nanostructures and the fabrication methods
have just been discussed in the first part of Chapter 1, and followed by the motivation
for the study of the type-11 GaSh/GaAs nanostructures grown by droplet epitaxy. The
objectives of this dissertation and the constraints on the experiments have just been
given as well. Before doing any research, the fundamental knowledge, including the
literature reviews, is very important. The concepts of MBE and droplet epitaxy, and
the relevant physics in epitaxial growth, such as atomistic processes and growth
modes, are therefore summarized in Chapter 2. The origin and interpretation of
RHEED patterns, low-dimensional structures, PL spectroscopy, and a short review on
the GaSb/GaAs nanostructures are also mentioned. The typical experimental
procedures and the necessary equipment are presented in Chapter 3. To make various
contents in this dissertation easier to understand, the details of each experiment are
described together with the results and discussion.

According to the limitation on the Sb flux intensity which is rather low, it is
possible to grow the GaSh/GaAs QRs. Meanwhile, the crystallization time is a crucial
factor. Chapter 4 is thus devoted to the evolution of Ga droplets into GaSh QRs. Such
evolution can be tracked by crystallizing the droplets with different durations. The
minimum crystallization time required for the QR formation can be found from this
experiment. Once the GaSh/GaAs QRs are achieved by droplet epitaxy, their optical
properties which can be obtained from the PL measurement become more interested
as they can prove the crystal quality and display some characteristics of the type-II
band alignment. These are the keynote of Chapter 5.

The influences of growth parameters (e.g., Ga amount, Ga deposition rate, and
temperatures for droplet formation and crystallization) on the structural and optical



properties of the GaSb/GaAs nanostructures are thoroughly discussed in Chapters 6-9.
Many kinds of GaSh/GaAs nanostructures are formed by adjusting these fundamental
growth parameters. The descriptive models based on the diffusion process are
suggested to explain the formation mechanisms. The PL measurement reveals a lot of
relevant information about the optical properties and the carrier dynamics in such
type-11 nanostructures. The essential results and discussion with some comments are

concluded in Chapter 10.



Chapter 2

Fundamental knowledge

This chapter is devoted to the fundamental knowledge necessary for doing the
experiments and analyzing the results. The concept of molecular beam epitaxy (MBE)
is summarized, and followed by the explanation of the atomistic processes in epitaxial
growth and the growth modes. Since the reflection high energy electron diffraction
(RHEED) is an important tool for the real-time surface investigation during the MBE
growth, the origin of RHEED patterns and how to interpret the patterns are needed.
The perception of droplet epitaxy is very significant because it is the growth method
for self-assembled GaSh/GaAs nanostructures studied here. The energy levels and the
density of states in low-dimensional structures are concisely described. As the
photoluminescence (PL) spectroscopy is the optical characterization technique
employed in this dissertation, the understanding of the PL emission including the
effects of temperature and excitation power on the PL results is needed. A short
review of some interesting topics in GaSb/GaAs nanostructures is provided in the last

section.

2.1 Basics of molecular beam epitaxy

Molecular beam epitaxy (MBE) is an epitaxial growth technique based on the
reaction of atomic or molecular beams of constituent elements on a substrate surface
heated at necessary temperature in ultra-high vacuum (UHV) environment. The
following explanations are concentrated on a solid-source MBE which was used to
grow every sample in this work. An illustration of a general MBE growth chamber is
shown in Figure 2.1. The molecular beams are produced by the effusion (Knudsen)
cells or valved-cracker cells through the evaporation or sublimation of solid-source
materials. These cells are placed in the position and angle such that the good
uniformity of beams on the substrate can be provided. Moreover, the continuous
rotation of substrate can improve the growth homogeneity. The beam flux is switched
on and off by a mechanical shutter or valve situated in front of the source. Therefore,
the composition and doping profiles can be abruptly changed. Due to the UHV

environment, it is possible to install in-situ characterization tools such as a reflection



high energy electron diffraction (RHEED) system for investigating the real-time
phenomena on the substrate surface during the growth, and a quadrupole mass

spectrometer (QMS) for monitoring the molecular species in the growth chamber.
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Figure 2.1 [llustration of a typical MBE growth chamber.

The mean free path of a particle (atom or molecule) evaporated from the
source must be larger than the distance from source to substrate, which is in a range of
5-30 cm. If the background pressure of the growth chamber is not low enough, the
particles in the beam may be scattered by undesirable gas species, leading to the
fluctuation of beam direction and flux intensity. Based on the kinetic theory of gases,
the mean free path is calculated by

kgT
\/EndZPS

where kg is the Boltzmann constant, T is the temperature, d is the particle diameter,

A= (2.1)

and P, is the equilibrium vapor pressure of the source. Since a typical value of the

particle diameter is 2-5 A, the mean free path is ~10 m at a pressure of 10 Torr
which can be approximated to be a pressure limit for MBE growth. Thus, the
background pressure is even more critical and affects the purity of sample.

The maximum flux F, coming from a source having a surface area A, per

unit time is given by

1/2
N
F —AP|—"A 2.2
n=A S[ZanBT] (2:2)



where N, is Avogadro’s number, and M is the molecular weight. Given that the
distance from source to substrate is r, and the angle between the beam axis and the
normal to the substrate is ¢, then the flux impinging on the substrate can be obtained
by

_ Fucosg
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F (2.3)

In general, the incoming flux delivers 10*°-10% cm2s™ corresponding to a growth rate
in the order of one monolayer per second which is low enough for surface migration
of the incoming species, resulting in the atomically smooth epitaxial layer. In respect
of purity, the time which the surface takes to be covered by one monolayer of residual
species must be much less than the time for the formation of one monolayer by the
beam flux. For example, if the residual species is CO and one monolayer consists of
10 atoms, it takes ~7.3 h to form one monolayer in 10°° Torr at 300 K, while it
takes a few seconds in the case of the beam flux. Consequently, to ensure the purity of
epitaxial layer, the background pressure must be in the order of 10™° Torr. Another
consideration is a sticking coefficient. Fortunately, the sticking coefficient of typical
residual gas species is much less than unity and most semiconductor surfaces are
relatively unreactive with residual species. Hence, the UHV condition is not so
stringent at ~10*° Torr. The background pressure range of 10°-10® Torr is

acceptable.

2.2 Atomistic processes in epitaxial growth

For the MBE growth of semiconductors, the constituent elements in effusion
cells or valved-cracker cells are heated until they evaporate or sublimate with desired
flux intensity. After opening the shutters or valves, such atoms or molecules in the
beams impinge on the substrate surface which is heated to several hundred degrees
Celsius to avoid the formation of polycrystalline or amorphous layer owing to a low
mobility of adatoms. Even it is very simple in concept, there are many atomistic
processes involved during the growth.

As the molecular beam is in the vapor phase but the substrate is in the solid

phase, atoms or molecules in the beam have to condense over the substrate. At certain
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temperature, there is an equilibrium vapor pressure. The nucleation occurs on the

condition that the partial pressure of beams P, exceeds the equilibrium vapor pressure
P_ over the solid phase. This condition is called supersaturation, defined by

s =P, /P,. The supersaturation is generally achieved just above the substrate surface.

Figure 2.2 Atomistic processes during epitaxial growth.

Typical processes occurring on the substrate during the epitaxial growth are
depicted in Figure 2.2. Atoms from the molecular beam are deposited on a crystalline
substrate surface (a). The atoms adsorb on the surface and become adatoms with

adsorption energy E,. Such adatoms can diffuse across the surface (b) if an activation
energy for diffusion E, is overcome. When adatoms meet each other (c), they form

the cluster which can either grow to a stable cluster by attachment of additional
adatoms (d) or decay by detachment of atoms (e). The impingement of atoms on
islands (f) should be also considered. Moreover, the adatoms may be incorporated into
a step (g) or desorbed (re-evaporated) from the surface (h) by obtaining energy which

is equal to E,. Since E; is much smaller than E,, the surface diffusion is far more

likely than the desorption. Nonetheless, the latter is dominant at high temperatures.

In thermodynamic equilibrium, all atomistic processes are equilibrated by their
reverse processes with equal rates. This is the concept of detailed balance. For
instance, the rates of condensation and desorption must be equal, and decay of
clusters must occur with the same rate as they grow. Hence, there is no net growth and
macroscopic quantities, such as surface coverage and roughness, do not change in
average, while microscopic processes like atomistic processes continuously change

and cause the fluctuations around the equilibrium quantities. It implies that the
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epitaxial growth is far away from thermodynamic equilibrium. In fact, the epitaxial
growth is a non-equilibrium Kkinetic phenomenon. However, not all processes are
limited by kinetics because some process may be in the local thermodynamic
equilibrium. A parameter used to distinguish between thermodynamic and kinetic
regimes is the ratio of the diffusion rate D to the deposition or incorporation rate F
[25]. If the D/F ratio is large, the growth is in the thermodynamic regime where
adatoms have time to find the nucleation sites so that the total energy of the system is
minimized. On the other hand, if the D/F ratio is small, the growth is in the Kinetic
regime where the individual processes leading to metastable structures become more
significant. It is worth noticing that the MBE growth of semiconductor nanostructures
lies between these two regimes (i.e., the intermediate D/F ratio), meaning that both
thermodynamics and kinetics play a role in the determination of their morphology at
the same time.

During the nucleation stage, the adatoms diffusing on the surface may
encounter with other adatoms and form a cluster which either grows or decays. The
cluster which has the same probabilities to grow and decay is called a critical cluster.
If the critical cluster size contains i atoms, the cluster containing more than i atoms is
stable, which is called a stable cluster. On the contrary, the cluster containing less
than i atoms, which is called a subcritical cluster, is unstable. The unstable clusters
can reduce the total energy of the system by shrinking, whereas the stable clusters can
reduce the total energy of the system by growing to be larger clusters.

According to the nucleation theory [26], the maximum or saturation density of
stable clusters can be expressed by n, oc(F/v)Pexp(E,/kgT) where F is the
deposition rate, v is the atomic vibration frequency, p is the value depending on the
number of atoms in a critical cluster i, E, is the energy related to the atomistic
processes, kg is the Boltzmann constant, and T is the temperature. The binding
energy E; of the critical cluster, the activation energy for surface diffusion E;, and
the adsorption energy E, contribute to the energy term E,. The values of p and E,

displayed in Table 2.1 correspond to the dominant atomistic process relying on the
condensation regime [27]. The direct deposition is important in the extremely

incomplete condensation regime, while the desorption is negligible in the complete
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condensation regime. Between these two regimes, there is an initially incomplete

regime where the diffusive capture dominates primarily.

Table 2.1 Values of p and E, at different condensation regimes for three-

dimensional (3D) and two-dimensional (2D) islands.

Regime 3D islands 2D islands

Extremely p=2i/3 p=i
incomplete E, =(2/3)[E; + (i+1)E, — E4] E.=E+({+1)E,—E,4

Initially p=2i/5 p=i/2
incomplete E,=(2/5)(E +IE,) E,=0/2)(E +iE,)
p=il(i+2.5) p=il(i+2)
Complete
E, =(E +iEy)/(i+2.5) E, =(E +iEy)/(i+2)

It is worth pointing out that the maximum cluster density follows a power law
on the deposition rate and exponentially depends on the substrate temperature.
Therefore, the density of stable clusters and self-assembled nanostructures grown by
MBE can be controlled by fundamental growth parameters such as the deposition rate
and the substrate temperature. For the complete condensation regime, since

D oc exp(—E,4 /kgT) if the activation energy for diffusion (E ) is only considered, the
maximum cluster density (n, ) can be simplified by a lumped parameter (D/F) and is
proportional to (D/F)® where p=i/(i+2) for 2D islands and p=i/(i+2.5) for 3D
islands [28].

2.3 Growth modes

There are five growth modes which are most frequently found in epitaxy:
Frank-van der Merwe (FM) mode, VVolmer-Weber (VW) mode, Stranski-Krastanov
(SK) mode, step-flow (SF) mode, and columnar-growth (CG) mode. These growth

modes are illustrated in Figure 2.3.
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The FM mode happens if atoms or molecules of deposited material are more
strongly bound to the substrate than to each other. When the first monolayer is
completely formed on the substrate, it will be covered by the loosely bound second
layer which provides a decrease in binding strength towards a value for bulk
deposited material. As a result, the layer-by-layer growth is obtained. The FM mode is
commonly referred to the two-dimensional (2D) growth mode. In contrast to the FM
mode, the VW mode is achieved when atoms or molecules of deposited material are
more strongly bound to each other than to the substrate, resulting in the isolated
islands on the surface. If the deposited material is further supplied, such islands grow
and finally coalesce, giving rise to a rough surface with root-mean-square (rms)
roughness comparable to the average distance between islands. The VW mode is also
known as the three-dimensional (3D) or island growth mode.

0<1

— [\ OO gy Ooll o
1<6<2
0>2

FM VW SK SF CG
Figure 2.3 Growth modes in epitaxial growth. € is the deposited material coverage

in a unit of monolayer (ML).

According to the thermodynamic model [29], the epitaxial growth mode is
governed by the surface and interfacial free energies for epitaxial layer and substrate.

Suppose that y, and y, are the surface free energies of an epitaxial layer and a
substrate, respectively, and y; is the epitaxial layer-substrate interfacial free energy.
The growth mode is determined by the areal change in the free energies related to the
epitaxial layer coverage, and defined by y.. =7 +7 —7,. The FM mode appears if
Yret <0, While y,... >0 is required for the VW mode.

The SK mode is a combination of the FM and VW modes. The initial growth

of a few monolayers proceeds in a layer-by-layer manner which is called a wetting
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layer. The islands are subsequently formed on top of the wetting layer after exceeding
a certain critical thickness. That is why the SK mode is known as a layer-plus-island
mode. The SK mode requires the condition that the deposited material has a lattice
constant a bit larger than the substrate because the compressive strain is important for
the formation of islands. Below the critical thickness, the thermodynamic condition
for layer-by-layer growth is still satisfied. Nevertheless, the compressive strain due to
the lattice mismatch proportionally increases with the deposited material coverage.
When the coverage is more than the critical thickness, it becomes energetically
favorable for the island formation to reduce the strain energy at the cost of the surface
energy such that the minimization of total energy is achieved. The SK mode plays a
crucial role in the fabrication of self-assembled semiconductor nanostructures, in
particular quantum dots.

It is worth keeping in mind that in the FM mode, the first monolayer must be
completed before the nucleation of a new one, and there is no wetting layer formed in
the VW mode. In addition to above considerations, the strain and the surface
chemistry are often used to predict the favorable mode. As a matter of fact, the FM
mode prefers the system having no strain, whereas the VW mode tends to take place
in the highly lattice-mismatched system. The SK mode can be found in the system
possessing small strain. The appearance of 3D islands is a result of a reduction in
strain energy in both in-plane and out-of-plane directions at the expense of surface
energy such that the total energy of the system is minimized. However, the island
formation is not the only way to reduce the strain. Meanwhile, the dislocations might
be introduced. For this reason, there is the competition between these two phenomena.
The surface chemistry also affects the epitaxial layer. A clear example is the growth
of a polar material on a non-polar substrate such as the growth of GaAs on Ge
substrate. Although the lattice constants of GaAs and Ge are nearly the same, the anti-
phase domain which is a kind of crystallographic defect can be observed.

For a vicinal (tilted) substrate where the surface consists of a number of flat
terraces separated by atomic steps, the growth will proceed by the advancement of
steps if the substrate temperature is high or the deposition flux is low enough for the
incorporation of adatoms into the step edges. Consequently, the epitaxial layer has the
same smoothness as the starting substrate. Such a growth situates in the SF mode. The
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advantage of step-flow growth is an improvement of crystal quality by the
suppression of island formation. Nonetheless, the epitaxial layer may grow on the
terraces in the FM or SK modes if the substrate temperature is too low or the
deposition flux is too high to prohibit the adatom diffusion.

The CG mode occurs in some cases where the surface diffusion is extremely
low, resulting in the film containing a number of columns of deposited material.
Interestingly, such columns have well-defined boundaries, i.e., each column does not
merge with others. This is different from the VW and SK modes where the islands
coalesce and eventually cover the entire substrate surface when the coverage of
deposited material increases.

The growth mode may be altered by the introduction of surfactants. The
surfactants can modify the thermodynamic factors such as the surface energies of
epitaxial layer and/or substrate, as well as the kinetic factors such as the diffusivity
and the Ehrlich-Schwoebel barrier. However, the surfactant atoms should not

incorporate into the epitaxial layer.

2.4 Reflection high energy electron diffraction

Reflection high energy electron diffraction (RHEED) is a relevant in-situ
monitoring tool during the MBE growth. Since RHEED is very sensitive to the
surface morphology and the surface reconstruction (arrangement of surface atoms), it
can be used to determine the growth rate, growth mode, and composition.
Importantly, the high-vacuum environment is required for RHEED system. This
requirement limits a utilization of RHEED in vapor phase epitaxy. For a typical
RHEED setup, an electron beam with high energy (10-100 keV) is incident on the
sample surface at a small angle (less than 5°). The RHEED patterns caused by
diffracted electrons are displayed on a phosphor screen.

The diffraction process is based on the interaction of an electron beam with
the array of surface atoms. Despite the high electron energy, the use of small angle
ensures that the component of electron momentum perpendicular to the surface is
small. As a result, electrons are diffracted by atoms at the top monolayers and cannot

penetrate far into the sample. That is why RHEED is surface sensitive. Since electrons
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behave as matter waves, their de Broglie wavelength is given by A:h/\/ﬁ
where h is the Planck constant, m, is the rest mass of electron, and E, is the electron
energy. Nevertheless, such an equation holds true for E, < 50 keV at which the
relativistic effects are insignificant. The magnitude of the wave vector k, of high

energy electrons is given by |Ko| =27/ .

RHEED
screen

Reciprocal rods

electron
beam

Figure 2.4 Origin of RHEED pattern. Bragg condition for diffraction is satisfied
at any intersection points between Ewald sphere and reciprocal rods.

The diffraction condition of RHEED in reciprocal space is introduced with the
concepts of Ewald sphere and reciprocal lattice. If a tip of an electron wave vector Kk,
is pinned at a reciprocal lattice point, the Ewald sphere is defined as a sphere around
the origin of k, with a radius |k0|. A 2D array of surface atoms is represented by a set
of lines perpendicular to the surface in real space. Such vertical lines are called
reciprocal rods. The Bragg condition for diffraction is satisfied at any intersection

points between the Ewald sphere surface and the reciprocal rods, as shown in Figure

2.4. For example, the electron energy of 15 keV corresponding to the de Broglie
wavelength of ~10 pm is employed. The radius of Ewald sphere is |k0|:627 nm?,
whereas the distance between reciprocal rods in the reciprocal space is typically in the

order of ~20 nm™. It is obvious that the Ewald sphere is so large that it intersects
many reciprocal rods. For this reason, the diffraction pattern on the phosphor screen
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consists of a set of streaks. This discussion is valid for a flat surface in atomic scale.
In the case of the presence of 3D islands, electrons cross such islands and diffract
from 3D lattices, leading to a spotty RHEED pattern. According to these results,
RHEED can indicate the growth mode. It should be noted that the spot size of the
electron beam grazing onto the surface is ~100 um, meaning that it covers a relatively
large area of the surface. The observed RHEED pattern is therefore an average
diffraction result.

Another important issue is the correlation between surface reconstruction and
RHEED pattern. Reciprocal lattice is an artificial lattice that connects the surface
reconstruction in the real space to the RHEED pattern which is a product in the
reciprocal space. In fact, the reciprocal lattice is a Fourier transform of the real lattice.
Figure 2.5 displays an example of the RHEED patterns of GaAs (001) with p2(2x4)

surface reconstruction.

[110] azimuth

[110] azimuth
[170] ! >39O0 o033
i—»[llO] ®As OGa

[001]

Figure 2.5  p2(2x4) surface reconstruction of GaAs (001) and its corresponding
RHEED patterns. Black and white circles denote As and Ga atoms,
respectively. Smaller circles indicate atoms further from the surface.
The gray rectangular represents a (2x4) unit cell.

RHEED can be utilized for the growth rate calibration through the periodic
variation of specular beam (reflected beam) intensity. This technique is generally
known as the RHEED intensity oscillations. Such oscillations indicate layer-by-layer
growth. The origin of RHEED oscillations can be explained as follows. Starting from
the perfectly smooth surface without any deposited material where the specular beam

exhibits the maximum intensity, the intensity immediately drops at initial deposition
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as the surface loses its perfect smoothness. A decrease in specular beam intensity
proceeds until the deposited material coverage is equal to a half of monolayer. For
further deposition, the specular beam can recover its intensity because the surface
configuration moves towards a smooth surface again. Once a monolayer is completed,
a second maximum intensity is obtained, implying that the period of oscillations is
equal to the time for the growth of one monolayer. The specular beam intensity as a
function of deposited material coverage (6) is illustrated in Figure 2.6. The intensity
of such oscillations becomes damped after the completion of several monolayers
owing to the residual 2D islands which reach a steady-state density progressively.
With usual growth conditions, the group-1ll flux intensity governs the growth rate
because of a unity sticking coefficient of group-Ill elements. For instance, the
deposition rate of Ga is equivalent to the growth rate of GaAs grown under the

presence of As atmosphere.

Electron beam Specular beam intensity

0=10.50

Figure 2.6 RHEED intensity oscillations. & is the deposited material coverage in a

unit of monolayer (ML).

2.5 Droplet epitaxy

The concept of droplet epitaxy was proposed by Koguchi et al. in 1990 [4,
30]. For I11-V material systems, droplet epitaxy is different from the standard MBE
growth which group-1ll1 and group-V atoms are simultaneously supplied. Droplet
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epitaxy technique is based on the incorporation of group-V atoms into the group-I1I
droplets which are initially formed. The growth procedure is shown in Figure 2.7. The
first step is the deposition of group-Ill atoms on the substrate surface without the
group-V environment, resulting in the liquid metallic droplets. The second step is the
crystallization process at which the group-V flux is supplied to the droplets, leading to
the 111-V nanostructures. Unlike the SK method, the strain is not necessary for droplet
epitaxy to create the nanostructures. The morphology of nanostructures strongly
depends on the crystallization temperature and group-V flux intensity. A variety of
nanostructures can be fabricated, for example, quantum dots [31], quantum rings [32],
concentric quantum rings [33], ring-disk structures [34], dot-disk structures [35], and
dot-ring structures [35]. Figure 2.8 displays the schematics of such nanostructures.
The fundamentals of growth kinetics will be discussed in more detail later. Besides, if
the droplets can dissolve the substrate or the layer underneath them, nanoholes can be

formed after crystallization [36].

Group-III Group-V Group-III Group-V
element element element element
Group-III droplet ITII-VNS _

Substrate » Substrate

Figure 2.7 Growth procedure for droplet epitaxy. NS denotes the nanostructure.

The droplet formation is based on the VW-like growth mode. Consequently,
the chosen group-111 element(s) must not wet the substrate surface. It is worth keeping
in mind that the low substrate temperature is required for this step so as to prevent the
droplets from desorption. The size and density of the droplets can be easily controlled
by the substrate temperature, group-111 flux intensity, and amount. For example, small
droplets with high density can be created by using low substrate temperature and high
group-I11 flux intensity, while large droplets can be obtained by depositing high
group-111 amount. However, the coalescence of droplets happens at high group-Ili
amounts. The density of nanostructures is equivalent to that of the original droplets

unless the substrate temperature is so high that the group-111 atoms in the droplets are



20

desorbed and the growth interruption time is so long that the droplet coalescence
which lowers the density takes place.

Diffusion is the main mechanism that determines which nanostructures will be
formed. As a matter of fact, the diffusion characteristics of atoms are different for
different elements. This makes the diffusion mechanism more complicated if more
than one group-11l and/or group-V elements are used. Hence, only single group-I1I

element (e.g., Ga) and group-V one (e.g., As) are considered for simplicity.

- (&)
Quantum dot Quantum ring  Concentric quantum rings
Ring-disk structure Dot-disk structure Dot-ring structure

Figure 2.8 Examples of self-assembled nanostructures which can be fabricated by

droplet epitaxy.

Roughly, there are two competitive processes during crystallization (see
Figure 2.9): the growth of I11-V nanocrystals by the diffusion of group-V atoms into
the group-111 droplet (process A) and at the droplet periphery (process B) [32]. The
first happens only when the group-V atoms diffuse through the droplet and reach the
droplet/substrate interface where the nanocrystals can grow with some probability.
The latter takes place predominantly because the droplet periphery is directly exposed
to the group-V flux. At high group-V flux intensity, both processes A and B are
significant and the crystallization is fast enough that the droplet shape is still retained,
resulting in the quantum dots. On the contrary, at low group-V flux intensity, process
A is slower than process B, leading to the quantum rings. In addition to the group-V
flux intensity, the substrate temperature plays a crucial role during crystallization
because the lateral diffusion of group-11l1 atoms from the original droplets increases
with temperature. If the temperature is high enough that the group-Ill atoms are

allowed to diffuse away from the initial position, concentric double rings derived
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from the growth of IlI-V nanocrystals at an outer zone can be created. The
nanostructure shape is therefore governed by group-V flux intensity and substrate
temperature. However, it is not possible to create concentric multiple rings (more than
two rings) by the conventional droplet epitaxy because a gradient of group-Ill atom
concentration compels the group-I11 atoms to diffuse away from the original position
as far as possible. In other words, the nanocrystals cannot accumulate between inner

and outer rings such that another ring occurs.

Group-III droplet

Group-V flux

Diffusion of
group-V atoms

el

S — P 1

Process B Process A Process B

Figure 2.9 Schematic diagram of possible processes during crystallization.

Due to the fact that a reservoir of group-111 atoms is always at the center of the
growing structure during crystallization, it is possible to create the complex structures
(e.g., concentric multiple rings, ring-disk, dot-disk, and dot-ring structures) by the
pulsed supply of group-V flux at different intensities and substrate temperatures. This
is called pulsed droplet epitaxy [35], which the simple structures like quantum dot,
ring, and disk can be combined into a single multifunction nanostructure with unique

electronic properties.
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Figure 2.10  Illustration of ring-shaped quantum dot molecules.

In the case of lattice-mismatched droplet epitaxy, the strain also affects the

shape derivation of nanostructures, for instance, InP/InGaP ring-shaped quantum dot
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molecules (see Figure 2.10) at which the formation of circularly aligned quantum dots
(rather than quantum rings) is as a result of the strain relaxation [37]. Nevertheless,
not all material pairs with lattice mismatch can be chosen for achieving such a
peculiar nanostructure.

Since the diffusion is very significant in the droplet epitaxy, some factors
involving with the diffusion, such as the anisotropic behavior and the Miller indices of
the substrate surface, can cause the deviation of nanostructure morphology. The
explicit examples are the anisotropic shape of GaAs quantum dots grown on GaAs

(001) surface where the [110] direction is preferable for the diffusion of Ga atoms
[38], and the strange InGaAs nanostructures grown on type-A GaAs surfaces [39].
According to above discussions, the advantages of droplet epitaxy, which
cannot be found in other techniques for self-assembled nanostructure fabrication, are
summarized as follows:
1. It can be applied to both lattice-matched and lattice-mismatched material
systems.
Density of nanostructures can be controlled over 10%-10* cm.
Many kinds of nanostructures can be obtained.

Various substrates are allowed to use.

ok~ DN

Energy consumption is reduced because droplet epitaxy is performed at

low temperature.

2.6 Low-dimensional structures

For a bulk semiconductor, charge carriers (electrons and/or holes) can move
freely in all three dimensions. However, if any of the structural dimensions is reduced
to be comparable to the de Broglie wavelength, the charge carriers experience the
confinement of motion in the corresponding direction, giving rise to the quantum
confinement effect which makes the electronic and optical properties considerably

deviate from the bulk. A de Broglie wavelength of a carrier having an effective mass
m’can be calculated by

A=h@mkgT) ™2 (2.4)
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where h is the Planck constant, kg is the Boltzmann constant, and T is temperature.
The de Broglie wavelength of charge carriers in semiconductors is in the nanometer
scale.

The carrier wave functions in semiconductors can be obtained by solving the

time-independent Schrodinger equation in the effective-mass approximation [40]:

{— L +V(r)}//(r): Ey(r) (2.5)
2m

where 7 is the reduced Planck constant, r =(x, y, z) is the position vector, V(r) is the
potential distribution, E is the carrier energy, and w(r) is the carrier envelope function.
As the effective-mass approximation is based on an assumption that the envelope
functions slowly fluctuate on the scale of lattice period, it can be applied not only to
the bulk materials but also to the low-dimensional structures.

In the case of a bulk, the movement of carriers is not restricted to any
direction, i.e., the OD confinement. The relation between the carrier energy and the

carrier wave vector k = (k,, ky, k,) is thus the same as a free particle:

hz
Eop ==K’ (2.6)
2m
where k? =k +kZ +kZ.
If one of three dimensions (e.g.,L,) is squeezed into the order of the de

Broglie wavelength, the carriers are allowed move in the xy plane. In other words, this
is the 1D confinement along the z direction. Such a structure is called a quantum well

(QW) where the carrier energy is given by

n? nr )
Ep=E, _F{kf +k? +(L—”j } 2.7)

Z
Once the carriers are constrained along the y and z directions with the
dimensions of L, and L,, they can only travel along the x direction. This situation is

the 2D confinement which is found in a quantum wire (QWR) where the carrier

energy can be expressed by
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The carriers are completely localized when they are confined in all three
spatial directions with the dimensions of L,, L,, and L,. This is the 3D confinement

that is generally referred to a quantum dot (QD). The carrier energy is determined by

2 (¥ (mz) (nz)

T T T
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From Equations (2.7) to (2.9), the carrier energies in low-dimensional
structures depend on the dimension(s) along the direction(s) of confinement as well as
the quantum numbers I, m, and n. The corresponding density of states, which is the
number of states per unit energy for 0D, 1D, 2D, and 3D confinements, is as follows:

*\3/2
poo(E) =20 L e (2.10)
pip(E) = n?l;r;L (2.11)
1/2
pao(E) = (ZIL“L)L ACEE )7 (2.12)
pro(E) = YHE-E, 1) (2.13)

X—y=z Il,mn
where O is the Heaviside function and o is the delta function.

It is clearly seen that the density of states is drastically changed when the

carrier confinement is introduced. The density of states is proportional to EY?and

continuous for the bulk, whereas it becomes step-like for the QW. In the case of

QWR, the density of states is inversely proportional to EY?. Interestingly, the QD
possesses the discrete density of states, which is similar to a real atom. That is why
the QD is often called an artificial atom.

As previously mentioned, the de Broglie wavelength is the criterion to define
the low-dimensional structures in which the quantum confinement effect appears. It
should be noted that both electron and hole have their own wavelengths which are not

necessary to be the same because they are related to the effective mass, making this
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criterion ambiguous. Thus, the concept of exciton Bohr radius, which is derived from
the electron and hole effective masses, is used instead for convenience. An exciton is
composed of an electron and a hole, bound together via the Coulomb attraction. The
exciton Bohr radius is the spatial extension of an exciton, which is defined by

B Amch?®

B= %3 (2.14)
ue

where ¢ is the permittivity, 4~ is the reduced effective mass which is involved with
the effective masses of electron (m:) and hole (m;) and determined by

(1/m; +1/m,)™*, and e is the electron charge. Since the exciton Bohr radius of typical

semiconductors is usually larger than the lattice constant, the quantum confinement
effect, which takes place when the structure dimension is comparable to or less than
ag, can be observed in the nanostructures that are easily provided by the present
fabrication technologies as well as the self-assembly methods.

In addition to the low-dimensional structures discussed above, quantum ring
(QR) can confine the charge carriers in all three spatial directions like the QD and
therefore has a discrete density of states [41]. From the topological point of view, the
QR is doubly connected, while the QD is singly connected. This non-trivial topology
of QR leads to the carrier energy levels which depend on the angular momentum
through the azimuthal quantum number. For simplicity, the QR is assumed to have an
infinitesimal width so that it can be treated as a one-dimensional QWR bent into a
circle with radius r. According to its periodic boundary conditions, the energy levels
in the QR are

2m \r

2
E, - h_[ﬁj (215)

where ¢=0,+1,+2,... is the azimuthal quantum number. Interestingly, when the
inner part of QR is threaded by a magnetic flux ¢ resulting from a magnetic field B,

the carrier moving around the QR trajectory experiences an additional phase which

R (1 oY
E, =t (Fj(f + ¢—Oj (2.16)

modifies its energy levels to
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where ¢ =zr’B and @, 1s the flux quantum. It means that the ground state energy is
periodic in the magnetic flux with a period of ¢,. This is known as Aharonov-Bohm

type oscillations. In addition, such a periodic ground state leads to the existence of
persistent current [1] which is given by

| __OE,

=%y (2.17)

The persistent current is also periodic with the same period of the ground state energy.

2.7 Photoluminescence spectroscopy

Photoluminescence (PL) is the luminescence from a substance exposed to the
light which photon energy is high enough that the substance can absorb it. In the
context of semiconductors, PL results from the radiative recombination between
electrons and holes which are generated by the light having photon energy larger than
the band gap in the case of bulks, or the effective band gap (i.e., the difference
between electron and hole quantization energy levels) in the case of nanostructures. It
is worth keeping in mind that not all photo-excited carriers contribute to the PL
emission because non-radiative recombination may occur and results in the phonon
emission. The PL spectroscopy is generally used to investigate the electronic states,
crystal quality, composition, and optical properties of semiconductors.

A typical PL spectroscopy setup consists of the following components: (1) an
excitation light source, (2) optical elements for focusing the light source to a sample
and the luminescence from the sample, (3) a monochromator for resolving the
wavelengths in the luminescence, (4) a detector, and (5) a data acquisition system. A
standard lock-in technique is often employed to amplify the PL signals. The sample is
usually placed in a cryostat where the temperature can be precisely controlled.

According to this dissertation, the discussion on the PL of nanostructures and
how to interpret the PL results are relevant. Due to the quantum size effect, the
ground-state PL peak energy indicates the nanostructure size, i.e., the smaller
nanostructures provide the higher ground-state energy. The PL line shape is related to
the size distribution of nanostructures. The broad PL spectrum reflects the poor size

uniformity. For self-assembled 111-V QDs and QRs, their height is much less than
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their lateral dimension. Again, owing to the quantum size effect, the quantization
energy levels are determined by the height, whereas the lateral dimension governs the
separation between the energy levels. If the nanostructure height is assumed to be the
dominant factor which defines the peak position of a single nanostructure, the relation

between height distribution and PL line width, which is represented by a full width at
half maximum (FWHM), can be expressed by I"oc(h,—Ah/2)?—(h, +Ah/2)7
where 7" is the FWHM of a PL spectrum, h, is the average height, and Ah is the
FWHM of the height distribution [42].

To observe the carrier behaviors and the ability of carrier confinement in the
nanostructures, one of the efficient techniques is the temperature-dependent PL
measurement. In general, the PL peak energy shifts to the lower energy with an
increase in temperature as a result of the thermal lattice expansion and the electron-
phonon interaction. The temperature dependence of the peak energy (Ep ) follows

the Varshni empirical equation:

aT?
T+p

Epy (T) = Eo - (2.18)

where E, is the peak energy at 0 K, and « and $ are Varshni coefficients [43]. Due to

the electron-phonon scattering, the PL line width also increases with temperature. In
the case of the strong electron-phonon coupling, the temperature-dependent FWHM

of a Gaussian PL profile can be explained by
I'(T) =[(8In2)S(iw)?(2n + D2 (2.19)
where ﬁ:[exp(ha)/kBT)—l]*l, S is the Huang-Rhys factor which is related to the

electron-phonon coupling strength, and 7z is the phonon energy [44, 45]. In the case
of the QDs grown by the SK mode where the presence of the wetting layer is
unavoidable, the variations of the peak energy and the PL line width do not follow
Equations (2.18) and (2.19) since the wetting layer provides a channel for the
migration of thermal-activated carriers between QD ensembles, resulting in a faster
decrease in the peak energy than the band gap of its bulk material and an unusual

reduction in FWHM at intermediate temperatures [46-48].
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In addition to the emission energy and the PL line shape, the carriers in the
nanostructures are affected by the temperature. This can be clearly seen from the
quenching of PL intensity when the temperature increases as a consequence of the
thermal escape of carriers from the nanostructures into the barriers or the non-
radiative recombination centers. The temperature dependence of integrated PL

intensity (1, ) can be simply described by a single thermal activation energy E,:

_ IO
e (1) = 1+Cexp(—E, /ksT) (2.20)

where |, is the integrated PL intensity at 0 K, C is the constant which is a ratio of the

non-radiative lifetime to the radiative one [49]. Sometimes, two activation energies

(E, and E,,) are required to obtain the better fit to the PL data over the temperature

range. In this case, Equation (2.20) is modified to

|
| = D 2.21
(1) 1+C,exp(—Ep /kgT) +C,eXp(—Ep, / kg T) (2.21)

where C, and C, are the constants that measure the strength of two thermal

quenching processes. The process with the larger activation energy is interpreted as
the thermal escape of carriers from the nanostructures, while the other is related to the
defects [50, 51]. However, the two activation energies may be represented the
quenching processes at low-temperature and high-temperature regions [52].

PL can give the information of the excited states and the recombination
mechanisms by the variation of excitation power. The PL emission from the
nanostructures is mostly contributed by the radiative recombination between electrons
and holes which the overlap of their wave functions is sufficient, and such a
recombination follows the selection rules [53]. For example, an electron in the ground
state will recombine with a hole in the ground state, a first-excited state electron will
recombine with a first-excited state hole, and so on. As the carrier relaxation time to
the ground states is much shorter than the carrier lifetime, the ground-state emission
can be seen even at low excitation power. Due to the fact that the number of photo-
generated carriers increases with the excitation power, the ground state may be fully
occupied and the adjacent excited states are subsequently filled. This is called a band-
filling effect. The ground-state and excited-state emissions are thus observed at high
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excitation power. The excited-state peaks in a PL band become more resolved at low
temperature. The recombination processes can be interpreted from the power-

dependent PL measurement because the relation between the PL intensity and the
excitation power (P) is given by I, (P)oc P” where y is the exponent. y<1
indicates the defect-related recombination, whereas 1<y<2 reflects the typical

excitonic recombination at which the PL intensity relies on the carrier density [54,
55].

Above discussions are the basic concepts of general PL spectroscopy. Indeed,
other useful information, such as the polarization properties, the carrier dynamic
behaviors, and the absorption spectra, can be probed by the PL spectroscopy with a
specific system. However, these issues will be concisely mentioned as they are
beyond the scope of this dissertation.

If the nanostructures exhibit the anisotropic shape, the lateral confinement
becomes anisotropic and can be seen from the polarized photoluminescence (PPL)

measurement where a polarizer is added to the general PL setup. For instance, the
highly anisotropic GaAs QDs, which their bases along the [110] direction are longer
than those along the [110] direction, leads to the higher PL intensity in the [110]

direction than in the [110] one [56]. In this case, a degree of polarization can be
defined by

|- —1
DOP — (101 11101 (2.22)
oy * Tuton

where | ;.and I, are the PL intensity parallel to the [110] and [110] directions,

[110]
respectively.

Time-resolved photoluminescence (TRPL) is another kind of PL spectroscopy.
The carrier capture process in the nanostructures and the carrier lifetime are
investigated by TRPL measurements. Unlike the general PL system, a relatively short
pulsed excitation source and a time resolving system are necessary to obtain the
TRPL results which are usually displayed by the time dependence of the number of
photons. When the carriers are excited by a short pulsed laser, the number of photons

will rise to some maximum value and subsequently decay. The time taken to reach the
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maximum photon amount (1,,) in the TRPL data reflects the time required for the

carrier capture in the nanostructures, while the decrement in photon amounts is

associated with the radiative lifetime. The decay line can be simply explained by
I(t)=1,exp(-t/7) (2.23)

where 7 is the time constant. The larger time constant suggests the longer radiative

lifetime. Nonetheless, the decay line may be fitted with two time constants (z; and
7,) [57], i.e.,

where I, +1, =1,.

If the wavelength (or photon energy) of the excitation source is varied at the
same time that the some specific PL wavelength is monitored, the absorption spectra
or the information on the electronic states including the excited states and the defect
states can be taken. This is the concept of photoluminescence excitation (PLE) and
different from the PL which the excitation wavelength is fixed but the PL emission is
collected throughout the range of desired wavelengths. The PLE setup, therefore,
requires a tunable laser or a broad-spectrum light source combined with a
monochromator.

A main limitation of the standard PL spectroscopy is the difficulty to probe the
optical properties from individual nanostructures since the PL emission from a
nanostructure is rather weak and the spot size of the focused excitation laser is still
larger than the single-nanostructure size. To overcome this limitation, micro-
photoluminescence (micro-PL) has been introduced. In the micro-PL system, an

optical microscope is the pivotal equipment for focusing the laser and the PL signals.

2.8 Interesting topics in GaSb/GaAs nanostructures
2.8.1 Critical thickness

A lattice mismatch relative to the substrate is defined by (a, —a,)/a, where
a, and ag are the lattice constants of an epitaxial layer and a substrate, respectively.

Since the lattice constants of GaSb and GaAs are 0.60960 and 0.56534 nm [58],
respectively, the lattice mismatch in the case that GaSb is grown on GaAs is around
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7.8%, giving rise to the compressive strain. It means that the epitaxial growth of GaSb
on a GaAs substrate is in the SK mode, i.e., the growth begins with a pseudomorphic
2D layer-by-layer fashion, leading to a wetting layer, and followed by the

spontaneous formation of 3D islands or QDs after exceeding a critical thickness (6, ).

As the wetting layer is biaxially strained to match the in-plane lattice constant of the
substrate, some portion of strain energy is reduced through the tetragonal distortion in
the wetting layer with the out-of-plane lattice constant. When the thickness of GaSh

layer is above @, the appearance of QDs is a result of a reduction in strain energy in

both in-plane and out-of-plane directions at the expense of surface energy such that
the total energy of the system is minimized.

Interestingly, the value of 6, in the GaSh/GaAs (001) system is widely varied

from 0.4 to 4.0 monolayers (ML) [5, 59-65]. This is much different from the
InAs/GaAs (001) system where 6, is typically found in a narrow range of 1.4-1.8 ML

regardless of the growth conditions with the usual growth temperatures (450-510 °C)

[66-70]. Consequently, the growth mechanisms and the determination of 6, which is

quite uncertain in the GaSh/GaAs system are complicated, giving rise to the difficulty
to reproduce the QDs.

By applying the continuum mechanics and comparing the obtained strain
energy to the InAs/GaAs (001) system, the calculated 6, for GaSh/GaAs (001) is 1.2

+ 0.5 ML which is consistent with the cross-sectional scanning tunneling microscopy
(XSTM) results taken from the epitaxial growth of GaSb at the typical growth
temperatures (470-515 °C) with the moderate growth rates (0.1-1.0 ML/s) [71]. It is
worth noticing that the GaSb QDs cannot be grown at ~520 °C, and the wetting layer
is only formed at this temperature [72]. However, the thermodynamic and kinetic
aspects and the Sbh-for-As exchange reaction are not included in such calculations. In
the growth of GaSh/GaAs QDs, the Sb flux is often irradiated on the As-stabilized
GaAs surface of the buffer layer in order to remove the residual As and stabilize the
Sb flux. This is called Sb soaking process where the Sh-for-As exchange takes place
and leads to a GaSb layer forming without the Ga deposition. The thickness of GaSb
layer is decided by the soaking time, Sb flux intensity, and substrate temperature, and

can be up to 2 ML [6, 73]. Therefore, the Sb-for-As exchange reaction plays a crucial



32

role in the critical thickness. In addition, the epitaxial growth of GaSb on GaAs
without the Sb soaking process may result in the formation of QRs (instead of QDs)
because the spatial inhomogeneity of the Ga atom population and the As/Sh
intermixing induce the instability in both the wetting layer and the shape of initially
formed QDs [18].

2.8.2 Anion exchange reaction

Anion exchange may occur during the growth of 111-V heterostructures with
different anions of group-V elements. This affects the composition, interface
abruptness, electronic properties, optical properties, and device performance. Bond
strengths can be seen as a rule of thumb (not a criterion) to predict whether the anion
exchange reaction will take place or not. According to a thermodynamic analysis, the
higher bond strengths imply the larger tendency for the exchange reaction [74]. In
other words, the strong-for-weak-bond exchange (e.g., As-for-Sb) is always expected
to happen with a higher degree of extent, while the amount of the weak-for-strong-
bond exchange (e.g., Sb-for-As) tends to be small. As a matter of fact, the direction of
exchange reaction is governed by the change of free energy which is contributed not
only by the bond strength but also by other factors such as strain energy, surface
energy, and segregation. Moreover, the equilibrium point of reaction can be shifted by
such factors [74]. For instance, the weak-for-strong-bond exchange is energetically
preferred because it reduces the surface energy as a result of the formation of weak
bonds on the surface.

A major challenge of the growth of GaSb/GaAs QDs followed by capping
with a GaAs layer is the control of group-V flux exposure during switching from As
to Sb and vice versa. As previously explained, the Sh-for-As exchange reaction
happens in the Sb soaking process before growing the GaSh/GaAs QDs in the SK
mode, and causes the formation of GaSb layer which effects on the critical thickness.
The Sb-for-As exchange becomes more pronounced at high temperatures, high Sb
flux intensity, and long Sh-soaking duration. Nonetheless, the thickness of GaSbh layer
seems to be limited at approximately 2 ML [6, 73]. The As-for-Sb exchange reaction,
which is the reverse process, is unavoidable during the growth of GaAs capping layer
on the GaSb QDs, where the group-V flux is changed from Sb to As. It is worth
pointing out that the As-for-Sb exchange is stronger than the Sh-for-As exchange
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because Ga-As bond is stronger than Ga-Sb bond [16, 75, 76]. In the GaAs capping
process, the use of As, which is more reactive than As,, high growth temperature,

and low growth rate enhance the As-for-Sb exchange reaction [16, 77-79]. Due to the
fact that a decrease in Sb content in the GaSb wetting layer and QDs can reduce the
strain energy, the As-for-Sb exchange is energetically favorable. Consequently, Sb
atoms tend to be removed from the GaSb structures by re-evaporating or staying at the
growth front in a form of Sb floating layer [16]. This phenomenon can cause the
transformation of the GaSb QDs. Since the apex of a GaSb QD is the region where
the compressive strain is significantly relaxed, and experiences the mismatch strain
more than other parts when the QD is capped with GaAs which has the smaller lattice
constant, Sb atoms at the QD apex are easily repelled owing to the weak Ga-Sb bond
and replaced by As atoms [16]. As a result, the GaSb QD can be transformed into the
QR. Nevertheless, such a transformation can be prevented by the irradiation of Sh
flux on the GaSb QDs for a proper duration before capping [80]. Hence, it is worth
keeping in mind that the QD-to-QR transformation does not always happen.

Under Sb and As fluxes Under Sb and As fluxes
As-rich region GaSbh QR

GaShQD
.

Strained GaSh

GaAs GaAs

Figure 2.11  Formation mechanism for the transformation of GaSb QD to QR by Sb

and As exposure.

By controlling the ratio of Sb to As fluxes (Sb/As) in the soaking process
which is performed after growing the GaSb QDs, the GaSb QRs can be obtained
without capping with GaAs. The As-for-Sb exchange reaction is responsible for the
QD-to-QR transformation. However, the transition from QD to QR is not a
spontaneous procedure with a constant rate of As-for-Sh exchange because not all the
GaSbh QDs are transformed into the QRs at high Sb/As ratio [17]. The formation
mechanism of a GaSb/GaAs QR is shown in Figure 2.11. Once a GaSbh QD is exposed

to the Sb and As fluxes with some Sb/As ratio, it is possible that As atoms may



34

condense and create an As-rich region at the QD apex. This induces the mismatch
strain and forces Sb atoms to diffuse away so as to reduce the strain energy, resulting
in the QR. In the case that the QRs are intentionally formed, a decrease in the Sb/As
ratio speeds up the QR formation. At given Sb/As ratio and growth temperature, the
long exposure time can encourage the As-for-Sb exchange reaction, giving rise to the
less abrupt GaSb/GaAs interface and the higher PL intensity from the GaSb QRs
embedded in a GaAs matrix due to the more overlap between electron and hole wave
functions [9]. Intriguingly, the GaSh QDs can be destroyed by the severe As-for-Sh
exchange occurring at high growth temperature and low Sb/As ratio, and only a flat
GasSb surface is left without the existence of GaSb QRs [17].
2.8.3 Growth interruption

It is generally accepted that growth interruption (GI) can modify the
morphology of self-assembled QDs. For example, the size variation in InAs/GaAs
QDs takes place when the Gl is introduced [81]. An anomalous effect of the GI on the
GaSh/GaAs QDs grown by MBE has been reported [82]. The Gl applied under Sb
flux causes the disappearance of the QDs, as evidenced by the transition from spotty
to streaky RHEED patterns and the PL measurement. Furthermore, it is found that the
GI time required for smoothing out the QDs is decided by the GaSb coverage. This
phenomenon can be described by the strain redistribution and the anion exchange
reaction during Gl.
2.8.4 Type-I1 band alignment

It is well known that a GaSh/GaAs heterostructure exhibits a staggered type-II
band alignment. A realistic approximation of a band alignment can be obtained by the
model-solid theory where the strain effects are included and represented by the
deformation potentials [83]. The calculated band alignments for completely relaxed
and pseudomorphic GaSh/GaAs QWs [73] are illustrated in Figure 2.12. It is obvious
that the compressive strain due to the lattice mismatch plays a pivotal role in the top
of GaSb heavy-hole (HH) and light-hole (LH) subbands and the bottom of GaSh
conduction band. The large valence band offset indicates that only holes are localized
within the GaSb region, while electrons do not experience any confinement but
occupy the GaAs region, leading to a spatial separation between electron and hole
wave functions. As a result of a low recombination probability in the type-II



35

heterostructures, the radiative lifetime is longer than the type-1 heterostructures where
electrons and holes are confined in the same region. These concepts can be applied
not only to the QWs but also to the other kinds of nanostructures. In the case of
GaSh/GaAs QDs, it is found that the hole confinement potential in the QD is as high
as 450 meV [10] and the TRPL result reveals that the decay time constant is ~23 ns
[57] which is much longer than type-I InAs/GaAs QDs having the radiative lifetime
of ~1 ns [84].

0.64 eV
0.10 eV ‘
f 113 eV
0.81 eV l
l HH *
7 J
1.52 eV LH T1.03 eV
7
LR 0.70 eV
HH QW level -} --1-
LH QW level -} --4- l
GaAs GaSb GaAs GaAs GaSb GaAs
Completely relaxed Pseudomorphic

Figure 2.12  Schematic band alignment for GaSh/GaAs heterostructures of (a) a
completely relaxed and (b) a pseudomorphic GaSb layer.

The PL from GaSb nanostructures buried in a GaAs matrix results from the
radiative recombination between holes in the GaSh nanostructures and electrons in the
GaAs matrix. The population of confined holes induces the electrons in the GaAs
barriers to reside around the GaSb nanostructures via the Coulomb attraction, giving
rise to an internal electric field at the GaSb/GaAs interface, which bends the
conduction band into the triangular QW (see Figure 2.13). This is called a band-
bending effect. Therefore, the electron energy levels at the interface become
quantized. An increment in photo-generated carriers by increasing the excitation
power leads to the stronger band-bending effect and shifts the quantization levels for

electrons at the GaSb/GaAs interface, causing the blueshift of the ground-state
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emission. This is a characteristic of type-Il band alignment. The shift of the ground-

state energy due to the band-bending effect can be described by

1/3 2/3 2 2/3
h? 9 27e
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where n,, is the photo-generated carrier density at the triangular QW [73]. The energy

shift can be connected to the excitation power (P) by a rate equation:

G=Bn? (2.26)
where G is the carrier generation rate and proportional to the excitation power, and B
is the bimolecular radiative recombination coefficient [85]. Therefore, A Egg oc P2,

This model is generally used to characterize the type-11 nanostructures. However, in
the case of a type-1l GaAsSb/GaAs QW, it is found that the energy shift may not
follow the band-bending model throughout the wide range of excitation power, i.e.,

the energy shift AE,, oc P where f=1/2 for low excitation and f=1/4 for high
excitation [85]. From this, it can be deduced that S =1/3 holds true for moderate
excitation. Furthermore, g should be 1/2 if the capacitive charging effect owing to

the spatial separation between electrons and holes is considered, but the experimental
results do not conform to such an expectation [86]. These arguments emphasize that
the origin of the blueshift in the type-11 nanostructures is still elusive.

GaAs GaSb GaAs
Figure 2.13  Schematic band alignment for a GaSb/GaAs heterostructure including
the band-bending effect. The gray lines represent the stronger band-

bending effect.
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The band-bending effect in GaSh/GaAs QDs can cause the dependence of
thermal activation energy on the excitation power [87]. As the internal electric field at
the GaSh/GaAs interface is stronger when the excitation power increases, the
activation energy gets reduced. Meanwhile, the blueshift of the PL peak energy is
achieved. Consequently, the sum of the activation energy and the PL peak energy
should be constant regardless of the excitation power.

For type-11 nanostructures, it is possible that in some temperature range, there
IS a competition between the electron-phonon interaction and the band-bending effect
due to the population of the thermal-excited carriers. In addition, the presence of an
optically induced charge depletion for some cases in GaSb/GaAs nanostructures gives
rise to the anomalous PL results [88]. Such effects make the temperature dependence
of PL peak energy deviate from the prediction by the Varshni empirical equation.



Chapter 3

Experimental procedures and equipment

The experimental procedures and equipment for sample preparation and
characterization are briefly described in this chapter. All samples were grown in a
solid-source molecular beam epitaxy (MBE) installed with a 15-keV reflection high
energy electron diffraction (RHEED) system and an Sb valved-cracker cell. The GaSh
nanostructures on the GaAs (001) substrates were formed by droplet epitaxy. The
morphology of nanostructures was investigated by atomic force microscopy (AFM).
The optical properties of GaSb nanostructures embedded in the GaAs matrix were

examined by photoluminescence (PL) measurement.

3.1 Molecular beam epitaxy

Every sample was fabricated in Riber Compact 21 solid-source MBE machine,
as shown in Figure 3.1. The main elements required for this dissertation are gallium
(Ga), arsenic (As), and antimony (Sb). Ga and As are contained in the pyrolytic boron
nitride (PBN) crucibles which are placed within the separate conventional effusion
cells. On the contrary, the valved-cracker cell having three independent heaters for the
reservoir, valve, and cracker is utilized to produce the beam of Sb radicals which can

be Sh,, Sh,, and Sb,, depending on the cracker temperature. The cooled water (~20

°C) is needed to flow during the valved-cracker cell operation. For all effusion and
valved-cracker cells, the cell temperatures are controlled by the computer using the
feedback from thermocouples.

The load-lock chamber, the buffer chamber, and the introduction chamber are
commonly used by both Riber Compact 21 and Riber 32P because such two machines
are connected together to reduce the working area (see Figure 3.1). Each chamber is
separated by gate valves. The high vacuum environment for each chamber is
maintained by pumping systems consisting of ion pumps and titanium sublimation
pumps. The load-lock chamber interposes between vacuum and standard atmosphere,
and is the only one chamber which is allowed to be vented for inserting or taking out
the sample. A turbomolecular pump is used to lower the pressure in the load-lock

chamber from the standard atmosphere to the vacuum level of ~10° Torr after
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inserting the new sample or taking out the grown sample. Such a vacuum level is safe
to open the gate valve to meet the higher vacuum level, which is less than 10 Torr, in
the buffer chamber. It is necessary to wait until the pressure of the buffer chamber is
~5x10° Torr before the new sample is transferred to the introduction chamber in
order to remove the contaminants and moisture. Subsequently, the sample is brought
to the growth chamber which possesses the background pressure of ~1071° Torr.
Liquid nitrogen is required for the cryopanels of the growth chamber to keep the ultra-
high vacuum environment during the growth and to minimize the unintentional

impurities which may get incorporated into the deposited layers.

_ Riber Compact 21
Riber 32P { ,.‘- ;

Figure 3.1 (a) Riber Compact 21 and Riber 32P MBE systems connected together.
(b) A and B are the introduction and buffer chambers, respectively. (c)
C and D are the load-lock and growth chambers, respectively.

Before loading the new sample into the MBE system, the semi-insulating
GaAs (001) substrate having the size of around 1.0 cm x 1.5 cm is mounted on an
unpolished 3-inch Si wafer by indium glue, and then assembled with a substrate
holder. The sample can be transferred between the chambers by the wafer cassettes
(carts) together with magnetic arms. The new sample is heated at 450 °C for 1 h in the

introduction chamber to eliminate moisture and volatile contaminants.
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Once the decontaminated sample is perfectly inserted to the substrate
manipulator in the growth chamber, the first process of the MBE growth is to remove
native oxide from the substrate surface at 580 °C under As, flux of 8x10® Torr for

10 min. After oxide removal, a GaAs buffer layer with a thickness of a few hundred
nanometers is grown at 580°C. When the GaAs buffer layer is prepared, the desired
sample structures are ready to be grown. According to this dissertation which is
intensively dedicated to the variations of growth parameters in the droplet epitaxy of
GaSb nanostructures, the growth condition for a specific study will be thoroughly
described later because there are many parameters in the droplet epitaxy technique,

which effect on the structural and optical properties of GaSb nanostructures.

3.2 Droplet epitaxy of GaSb/GaAs nanostructures

Ga cell Sb cell Ga cell Sb cell
Ga droplet GaSb NS _ g s
GaAs buffer layer l GaAs buffer layer
GaAs (001) substrate GaAs (001) substrate

Figure 3.2 Droplet epitaxy of GaSb nanostructures on GaAs (001) substrate. NS

denotes the nanostructure.

In the droplet epitaxy, the deposition of group-l11l element(s) for droplet
formation has to be done without the environment of group-V element(s). For this

reason, after the growth of GaAs buffer layer, the As, flux must be terminated in

order to remove the As atmosphere in the growth chamber. Once the background
pressure of the growth chamber is less than 5x10° Torr, Ga is deposited on the
substrate surface to form the liquid Ga droplets, and the Sb flux is then supplied to the
droplets for crystallization into the GaSb nanostructures. The growth procedure for
the droplet epitaxy of GaSb nanostructures on the GaAs (001) substrate is illustrated
in Figure 3.2.
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3.3 Reflection high energy electron diffraction

Reflection high energy electron diffraction (RHEED) is a powerful tool for in-
situ monitoring during the growth. The RHEED system is composed of a 15-keV
electron gun, a phosphor screen, a charge-coupled device (CCD) camera, and a
computer for data acquisition and analysis. The benefits of the RHEED observation
are the growth rate determination through the RHEED intensity oscillations which
their period is equal to the time for the growth of one-monolayer deposited material,
as mentioned in Chapter 2, and the calibration of the substrate surface temperature
which will be discussed below. Due to the fact that RHEED is very surface sensitive,
the surface morphology of the sample can be interpreted from RHEED patterns.
Besides, the variation of specular beam intensity during droplet epitaxy reflects the
evolution of nanostructures. Such a variation as a function of time is recorded and

analyzed by ImageJ image processing program.
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Figure 3.3 Surface temperature calibration by the transition of RHEED patterns.

Since the semi-insulating GaAs (001) wafers are used as the substrates, the
surface temperature can be indirectly obtained by the change of surface reconstruction
from As-terminated (2x4) to c(4x4), which is clearly seen from RHEED patterns [89].
The calibration process performed under As, pressure of 8x10° Torr is explained as
follows. The substrate temperature is decreased from the temperature for the growth
of GaAs buffer layer with a rate of 10 °C/min until the c(4x4) pattern appears, and

then increased with the same rate until the (2x4) pattern comes again. Figure 3.3
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shows the different RHEED patterns at the different temperatures of T, T,, T;, and

T,. These temperatures are taken from the thermocouples and defined as the
temperature at which the RHEED patterns change. An average temperature, i.e.,

(T, +T, +T; +T,)/4, is equivalent to the real surface temperature of 500 °C [89].

3.4 Atomic force microscopy

Figure 3.4 Seiko SPA400 AFM installed in a soundproof housing.

As this dissertation is focused on the effect of growth parameters on the size,
shape, and density of GaSh nanostructures, atomic force microscopy (AFM) is chosen
to probe the nanostructures. A Seiko SPA400 AFM (see Figure 3.4) operated in
dynamic mode was used for morphological characterization. AFM tips are made from
Si with Al coating on the back side for high laser reflectance, and their radius of
curvature is typically less than 8 nm. This AFM is controlled by Spisel32 software.
The quality of raw data is improved by noise removal before being analyzed with

Gwyddion software.

3.5 Photoluminescence measurement

Optical properties of GaSb nanostructures embedded in the GaAs matrix were
investigated by means of photoluminescence (PL) measurement. The temperature-
and power-dependent PL measurements were performed in order to prove the crystal
quality of GaSb nanostructures grown by droplet epitaxy and examine some unique
properties resulting from the type-11 band alignment.
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Figure 3.5 Schematics of PL setups at (a) Department of Electrical Engineering,
Chulalongkorn University, and (b) Department of Electrical and
Computer Engineering, National University of Singapore. The dashed

lines represent the electric wires and signal cables.

General PL setup and how to obtain the luminescence from the sample are
described as follows. The sample having the size of 3 mm x 5 mm is mounted to the
sample holder by thermal grease and placed within a cryostat for precise control of
temperature. The sample is excited by an Ar* laser having a wavelength of 514.5 nm.
The laser beam is focused to the sample by lens until the spot size is ~0.3 mm. The
luminescence from the sample is also focused by lens to a monochromator to resolve
the wavelengths before coming to a detector. A standard lock-in technique is applied
to amplify the luminescence signals. The PL spectra are recorded by a computer.
There are two PL systems used in this dissertation, as displayed in Figure 3.5. These
setups are very similar. Both InGaAs and Ge detectors are cooled by liquid nitrogen

during operation.



Chapter 4

Evolution of Ga droplets into GaSb quantum rings

The main theme of this chapter is the tracking of evolution of Ga droplets into
GaSb quantum rings (QRs) by means of reflection high energy electron diffraction
(RHEED) and atomic force microscopy (AFM). The gradual transition from the liquid
Ga droplets to the crystalline GaSb QRs can be probed by the RHEED patterns and
the specular beam intensity since RHEED is very surface sensitive. The crystallization
time is varied in order to obtain the snapshots of surface morphology for each stage
during crystallization with Sb flux. In addition, the minimum crystallization time for
the QR formation can be determined from RHEED and AFM results.

4.1 Experimental details

GaSb QRs were grown on the semi-insulating GaAs (001) substrates by
droplet epitaxy using solid-source molecular beam epitaxy. After the oxide desorption
at 580 °C under As, flux of 8x10° Torr for 10 min, a 200-nm GaAs buffer layer was

grown at 580 °C. At this stage, the RHEED pattern showed a (2x4) reconstruction.
Next, the substrate temperature was reduced to 250 °C. Once the substrate
temperature reached 250 °C where the RHEED pattern showed a c(4x4)
reconstruction, the As, flux was terminated to deplete the As atmosphere so as to
prevent the reaction between Ga and As, during the Ga deposition. When the
background pressure of the growth chamber was less than 5x10° Torr, Ga amount of
3 monolayers (ML) (an equivalent amount of 3-ML GaAs grown in the presence of
As) was deposited on the substrate at 250 °C with a growth rate of 0.5 ML/s to form
the Ga droplets. Then, the Sh, flux of 5x107 Torr was supplied to the droplets at 250
°C for 60 s for crystallization. After that, the substrate was rapidly quenched to room
temperature and taken out of the growth chamber. The changes of RHEED pattern
and specular beam intensity were observed during the growth. The surface

morphology was examined by AFM operated in dynamic mode.
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4.2 Results and discussion
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Figure 4.1 Variation of specular beam intensity as a function of time. Ga was
deposited for 6 s to form 3-ML Ga droplets, and Sb, flux was
subsequently supplied for 60 s.

The variation of specular beam intensity during the growth as a function of
time is depicted in Figure 4.1. When Ga was deposited on the c(4x4) surface at 250
°C, the specular beam intensity drastically dropped because the Ga droplets formed in
the VVolmer-Weber-like growth mode were in liquid phase. Interestingly, the intensity

further decreased at the time that the Sh, flux was introduced, and then gradually

increased to a saturation value. This phenomenon is different from the case of GaAs
nanostructures grown by droplet epitaxy, where the specular beam intensity increases
as soon as the Ga droplets were exposed to the As flux [34]. Such a change in the
specular beam intensity is similar to the case of the Sb soaking process (before the
growth of GaSb/GaAs QDs) where the Sh-for-As exchange reaction takes place [90].
Thus, the drop of intensity at the initial stage of crystallization is attributed to the Sb-
for-As exchange reaction. However, the time elapsed from the lowest intensity to the
saturated one in the Sb soaking process (~10 s) [90] is much less than the
crystallization process (~30 s). This difference is likely due to the existence of the
liquid Ga droplets on the surface and the low temperature used in the droplet epitaxy
technique, which decelerates the Sb-for-As exchange reaction. From Figure 4.1, the

intensity saturated after Sb, exposure for ~50 s, implying that the Ga droplets were

completely crystallized and transformed into GaSb nanostructures. For this growth
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condition, the minimum crystallization time is ~50 s. The longer time is necessary to
ensure the perfect crystallization. Nevertheless, the long crystallization time may
induce the formation of polycrystalline granular Sb layer which is undesirable. To
investigate the evolution of the Ga droplets into the GaSb nanostructures, the

crystallization time (t,) was therefore set to 0, 20, 40, and 60 s.

[110] azimuth  [110] azimuth

Figure 4.2 RHEED patterns along [110] and [110] azimuths: (a) before Ga
deposition, (b) t, =0 s (after Ga deposition), (c) t,=20s, (d) t,=40s,
and (e) t,=60s.

Figure 4.2 displays the RHEED patterns along the [110] and [110] azimuths at
each stage of droplet epitaxy. Prior to the Ga deposition, the RHEED pattern showed

the c(4x4) surface reconstruction (see Figure 4.2(a)). After the Ga amount of 3 ML
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was deposited on the surface (t. = 0 s), the pattern became diffused (see Figure 4.2(b))

because of the appearance of liquid Ga droplets. The changes of RHEED patterns

after the introduction of the Sb, flux are described as follows. At t.= 20 s, the

pattern was featured by the unclear streaks having the small spots (see Figure 4.2(c)).

At t = 40 s, the intensities of streaks and spots became more explicit (see Figure

4.2(d)). The pattern at t,= 60 s, as shown in Figure 4.2(e), consisted of the clear

streaks having the small spots and the elongated large spots, indicating the formation
of ring structures [91], i.e., GaSb QRs on the surface. Such a pattern originates from
the reflection/transmission and the diffraction images of the rotational-shaped object
[91].

The AFM images with the cross-sectional profiles of the samples grown with

various t, are displayed in Figure 4.3. At t.= 0 s, the Ga droplets are hemispherical-

like and have the average dimensions of 50 nm in diameter and 4.3 nm in height (see

Figure 4.3(a)). The density of Ga droplets is ~8x10° cm™?. At t,= 20 s, some small

ring structures can be found (see Figure 4.3(b)). Nonetheless, most of the droplets
were still not completely crystallized within 20 s. Hence, it is worth considering the
changes of the droplet shape under the Sh, flux. Compared with the initial droplet in

Figure 4.3(a), Figure 4.3(b) reveals that the droplet height became lower, while the
droplet base became wider, suggesting that the crystallization firstly occurs at the

droplet periphery. Consequently, the Ga atoms tend to diffuse out of the droplet

owing to the gradient of Ga atom concentration. At t.= 40 s, each droplet was

transformed into the QR with the nanohole at the center, as shown in Figure 4.3(c).
The origin of nanohole can be explained by the Ga droplet etching or Ga nanodrill
[92]. When the Ga droplet is formed on the GaAs surface, it dissolves the GaAs
surface underneath into Ga and As atoms. Thus, during crystallization, the Ga atoms
from the droplet and the dissolved Ga atoms diffuse out of the droplet as above-
mentioned. The diffusion of Ga atoms, however, is restricted to around the initial
droplet due to the small size of the Ga droplet [93, 94]. That is why each QR consists
of the lobe around the nanohole. Since the activation energy for the surface exchange
reaction of Sb atoms is lower than that of As atoms, the reaction rate for the Sh-for-As
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exchange is faster than that for the As-for-Sb exchange (i.e., the reverse reaction) at
the same temperature [90]. For this reason, the dissolved As atoms would be replaced
by Sb atoms through the Sb-for-As exchange reaction. The Sbh-for-As exchange
reaction during crystallization also turns the GaAs surface into the GaSb surface [6,
16, 73]. The composition of the QRs may be varied as a result of the surface exchange
reaction as well as the thermal-activated diffusion of As atoms from the GaAs layer
into the QRs.
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Figure 4.3 AFM images with cross-sectional profiles of selected structures

(enclosed by white squares) at different crystallization times: (a) t,=0
s (3-ML Ga droplets), (b) t.,=20s, (c) t,=40s, and (d) t,=60s. The

gray lines represent the mean surface level.
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It is worth noting that the lobe height along the [110] direction became lower

when t, was increased from 40 to 60 s (see Figures 4.3(c) and (d)). It can be therefore

deduced from this evidence that some portion of the lobe was still in liquid phase at

t.= 40 s, which is consistent with the unsaturated specular beam intensity and the
unclear RHEED pattern at t, = 40 s. Besides, the nanohole depth became deeper with
increasing t, because there was more time spent on the droplet etching. Since the

GaAs surface is changed into the GaSb surface by the Sh-for-As exchange reaction
and the diffusion of Ga atoms on the GaSb surface is isotropic [24], the shape of QRS
is rather circular, as displayed in Figure 4.3(d). The average values of QR outer
dimension (w), height (h), and depth (d), measured along the [110] direction, are 58.4
+2.7,0.6 £ 0.2, and 0.3 = 0.1 nm, respectively. The density of GaSb QRs is ~8x10°
cm2 which is equivalent to the density of Ga droplets, suggesting that all Ga droplets
were transformed into the GaSb QRs at the end of crystallization.



Chapter 5
Optical properties of GaSb/GaAs quantum rings

This chapter is concentrated on the optical properties of GaSb/GaAs quantum
rings (QRs). It should be noted that the QRs in Chapter 4 seem to be too small for
studying the optical properties by the photoluminescence (PL) measurement at which
the QRs are capped with a GaAs layer. Importantly, the strong As-for-Sb exchange
reaction during the capping process can wipe out the small QRs. For this reason, a
larger QR size is required. Increasing the substrate temperature for droplet deposition
is an easy way to obtain large QRs. The formation mechanism of the QRs is concisely
described in this chapter. The temperature- and power-dependent PL measurements
are performed to probe the carrier dynamics and the characteristics of the type-Il band

alignment.

5.1 Experimental details

GaSb QRs were grown on semi-insulating GaAs (001) substrates by droplet
epitaxy using solid-source molecular beam epitaxy. After the desorption of the native
oxide at 580 °C under the As, flux of 8x10° Torr for 10 min, a 300-nm GaAs buffer

layer was grown at 580 °C. Next, the substrate temperature (T, ) was reduced to 300
°C under the As, flux. When T,= 300 °C, the As, flux was stopped supplying in
order to eliminate the As atmosphere in the growth chamber. After that, it was needed
to wait until the background pressure of the growth chamber was less than 5x10° Torr
to prevent the initial reaction between Ga and As, during the Ga deposition. The Ga
amount of 3 monolayers (ML) (an equivalent amount of 3-ML GaAs grown under the
As pressure) was then deposited on the substrate surface at T, = 300 °C, where the
reflection high energy electron diffraction (RHEED) showed a clear c(4x4) pattern,
with a rate of 0.5 ML/s to form the liquid Ga droplets. Subsequently, T, was lowered
to 250 °C and the Sh, flux of 5x10” Torr was irradiated to the substrate surface for

90 s so as to crystallize the droplets into the GaSb QRs. The formation of GaSbh QRs
after crystallization was indicated by the RHEED pattern featured by the streaks and

spots [91]. Finally, the sample was rapidly cooled down to room temperature. To
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confirm the existence of the Ga droplets after Ga deposition, another sample was
provided by stopping the growth just after the Ga deposition at T, = 300 °C without
crystallization. Morphology of the Ga droplets and the GaSb QRs was investigated by
atomic force microscopy (AFM) operated in dynamic mode.

For the PL study, the GaSb QRs were capped with a 20-nm GaAs layer at T, =

250 °C (right after crystallization) to suppress the As-for-Sb exchange reaction which
may annihilate the QRs, and an additional 130-nm GaAs layer at T,= 450 °C. A
514.5-nm line Ar" laser having a spot size of ~0.3 mm was used as an excitation

source. The PL emission was detected by a cooled Ge detector. The temperature- and

power-dependent PL measurements were also carried out.

5.2 Results and discussion
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Figure 5.1 (a) AFM image of Ga droplets. (b) Three-dimensional AFM image of a
single Ga droplet (enclosed by a white square) with its cross-sectional
profiles. The gray line represents the mean surface level.

Figure 5.1(a) shows an AFM image of Ga droplets having the density of
~1.8x10° cm. A three-dimensional (3D) AFM image of a single Ga droplet and its
cross-sectional profiles along [110] and [110] directions are depicted in Figure 5.1(b).
The average droplet size is ~94 nm in diameter (s) and ~10.6 nm in height (t). After
the Ga droplets were exposed to the Sb, flux of 5x107 Torr for 90 s, the GaSh QRs

were formed on the surface, as confirmed by the AFM image in Figure 5.2(a) as well
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as the RHEED pattern consisting of streaks and spots. To make a closer look at the
GaSb QR, the 3D AFM image of a single GaSb QR and its cross-sectional profiles are
provided in Figure 5.2(b). The average QR size is ~96 nm in diameter (w) and ~1.3
nm in depth (d). Compared with the original droplet, the larger average QR diameter
indicates the outward diffusion of Ga atoms. Since the density of GaSb QRs is
equivalent to the density of Ga droplets, it can be deduced that all Ga droplets evolved

into the GaSb QRs after crystallization with the Sb, flux.
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Figure 5.2 (a) AFM image of GaSbh QRs. (b) Three-dimensional AFM image of a

single GaSbh QR (enclosed by a white square) with its cross-sectional

profiles. The gray line represents the mean surface level.

The formation mechanism of the GaSh QR can be explained by the diffusion
of Ga atoms from the initial Ga droplet. When Ga is deposited on the c(4x4) GaAs
surface, the liquid Ga droplets are formed in the Volmer-Weber-like growth mode. It
results in a Ga-rich region at the interface between the Ga droplet and the GaAs
surface. The GaAs surface underneath the droplet is therefore dissolved into Ga and

As atoms. Since the Sb, flux intensity used for the crystallization is not high, the
growth of GaSb nanocrystals at the droplet periphery has a higher rate than other parts
and acts as the nucleation seed for the further GaSb growth. Because of the gradient
of Ga atom concentration, Ga atoms from both the initial Ga droplet and the dissolved
Ga atoms diffuse out of the droplet and react with the Sb, flux, giving rise to the lobe
around the nanohole (see Figure 5.2). The dissolved As atoms would be replaced by
the Sb atoms due to the Sb-for-As exchange reaction [16]. Besides, the Sb-for-As
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exchange reaction turns the GaAs surface into the GaSb surface during crystallization.

The shape of GaSb QRs is quite circular as a result of the isotropic diffusion of Ga

atoms on the GaSb surface [24].

Figure 5.3
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Figure 5.3(a) displays the power-dependent PL measured at 7 K. The variation
range of peak energy is around 1.103-1.122 eV for the GaSb QRs and 1.217-1.227 eV
for the GaSb layer originating from the Sb-for-As exchange reaction during
crystallization, as previously explained. The excitation power (P) was varied from 5
to 150 mW. It is worth noticing that the PL peak energies of GaSb QRs (Eqz) and

GaSb layer (Ey,,,) shift to higher energies with increasing the excitation power (see

Figure 5.3(a)). This is a characteristic of the type-11 band alignment [5] and can be
described as follows. Holes confined in the GaSb region induce electrons in the GaAs
region to stay at the GaSh/GaAs interface. As a result, an internal electric field
appears at the GaSh/GaAs interface and bends the conduction band into a triangular
quantum well, giving rise to the quantization energy levels for electrons [73]. The
increase in the excitation power enhances the accumulation of photo-generated
carriers as well as the internal electric field at the interface, resulting in the further
bending in the conduction band and hence the raising up of electron quantization

energy [73]. That is why the blueshift in both Ey; and E,, takes place when the

excitation power increases. According to the band-bending model, the electron
quantization energy would increase proportionally with the third root of excitation

power [73]. The plot of Eyz and E,,,, as a function of the third root of excitation

power (PY3) is shown in Figure 5.3(b). The dependence of integrated PL intensities

(15, ) of GaSb QRs and GaShb layer on the excitation power is displayed in Figure
5.3(c). As expected, Eqyg increases linearly with PY®. Furthermore, the PL intensity

of GaSbh QRs is linearly dependent on the excitation power, implying that the carrier
loss through the non-radiative recombination processes is negligible. It is noteworthy

that E, ., becomes saturated when P > 50 mW. This saturation behavior also appears

in the PL intensity of GaSb layer. Such phenomena have been observed in the GaSh
wetting layer (WL) in the growth of GaSh/GaAs quantum dots (QDs) by Stranski-
Krastanov method and are attributed to the reduction in the oscillator strength by

screening within the 2D electron-hole plasma [7].
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(a) Temperature-dependent PL spectra obtained by using the excitation
power P =100 mW. (b) A plot of Eyz and Ep,, as a function of
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Arrhenius plot of integrated PL intensity with the activation energy fit.

The temperature-dependent PL spectra taken by using P = 100 mW are

displayed in Figure 5.4(a). The PL spectra can be distinctly detected up to 250 K.

However, the observation of PL emissions at high temperatures reflects a good crystal
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quality. Figure 5.4(b) shows the dependence of Eyz and E,,,, on temperature (T).
Both Egr and E,,, exhibit a blueshift in the temperature range of 7-50 K and follow

the band gap temperature dependence at high temperatures owing to the cumulative
effects of the electron-phonon interaction and the thermal lattice expansion. The
blueshift occurring in the low temperature range is another characteristic of the type-I1I
band alignment and can be explained by a higher population of thermal-excited
carriers, leading to the steeper triangular quantum well where the electron
quantization energy is lifted up [73]. An Arrhenius plot of PL intensities of GaSb QRs
and GaSb layer is depicted in Figure 5.4(c). The temperature dependence of integrated

PL intensity can be expressed by

= IO
IF’Lm_1+Cexp(—EA/kBT) (5.1)

where |, is the integrated PL intensity at 0 K, C is the constant, E, is the thermal
activation energy, and kg is the Boltzmann constant. An activation energy of ~160
meV is obtained for the GaSb QRs (ES®) and ~215 meV for the GaSb layer (E2*").

It is clear that Efyerconforms to the calculated hole confinement energy of ~207 meV
for the GaSb WL which is a similar structure to the GaSb layer [7], indicating that the
PL quenching arises from the thermal escape of holes. From the carrier confinement
point of view, the QRs confine the carriers in all three spatial directions like the QDs
[41]. Thus, the GaSb QRs should have a larger activation energy than the GaSb layer.
Nonetheless, ES® is found to be less than E®", implying that there should be a
carrier transfer between the GaSb QRs and the GaSb layer. Figure 5.4(c) reveals that
the PL intensity of the GaSb layer decreases at the same time that the PL intensity of
the GaSb QRs increases at T = 175 K (1/kgT = 66 eV?), suggesting that the thermally
escaped holes from the GaSb layer become captured into the GaSb QRs, and then
contribute to the emission of the QRs. That is why the PL intensity of the GaSb QRs
drops slower than that of the GaSb layer.



Chapter 6

Effect of Ga amounts on GaSb/GaAs nanostructures

Group-111 amount is one of the key growth parameters in droplet epitaxy.
Under the same group-V flux intensity and substrate temperature, a higher group-IlI
amount results in larger 111-V nanostructures (NSs). In this chapter, it can be expected
that the higher Ga amount should lead to the larger GaSb quantum rings (QRs) after
crystallization with low Sb flux. The experimental results, however, suggest that an
increase in the Ga amount gives rise to the NSs like the quantum dots (QDs) instead
of the larger QRs. The possible formation mechanisms for such nanostructures are

discussed here. The photoluminescence (PL) measurement is also carried out.

6.1 Experimental details

All samples were grown on semi-insulating GaAs (001) substrates by droplet
epitaxy using solid-source molecular beam epitaxy. After the desorption of the native
oxide at 580 °C under the As, flux of 8x10° Torr for 10 min, a 300-nm GaAs buffer

layer was grown. The substrate temperature was then lowered to 260 °C and the As,

flux was stopped supplying to deplete the As atmosphere. Once the background
pressure of the growth chamber was less than 5x107° Torr, the desired Ga amount was
deposited on the substrate surface at 260 °C with a rate of 0.5 monolayers (ML)/s to
form the liquid Ga droplets. In this work, Ga amounts of 3, 4, and 5 ML were chosen
(referred as samples A, B, and C, respectively). Here, 1-ML Ga is defined as an
equivalent 1-ML GaAs grown under the As flux. To obtain the GaSb NSs, the
droplets were crystallized by supplying the Sh, flux of 5x107 Torr at 250 °C for 90

s. Finally, the sample was either rapidly quenched to room temperature or capped
with a 150-nm GaAs layer for the PL measurement. The details of the capping
process have been mentioned in Chapter 5. The surface morphology was investigated
by atomic force microscopy (AFM) operated in dynamic mode. The PL measurement
was performed by using a 514.5-nm line Ar* laser having a spot size of ~0.3 mm and

a cooled InGaAs detector.
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6.2 Results and discussion

Figure 6.1 RHEED patterns after crystallization of (a) sample A, (b) sample B,

and (c) sample C.

At the substrate temperature of 260 °C, the reflection high energy electron
diffraction (RHEED) pattern showed a c(4x4) As-stabilized surface. Once Ga was
deposited on the surface, the RHEED pattern became diffused as a result of the
appearance of liquid Ga droplets. Interestingly, when the Sb, flux was introduced,
the RHEED pattern of sample A slowly developed into the streaks and spots (~50 s),
while the patterns of samples B and C became spotty after supplying the Sh, flux for
~10 s. It suggests that the large Ga droplets are crystallized faster than the small ones.
The RHEED patterns after crystallization of all samples are shown in Figure 6.1. The
RHEED pattern of sample A, which consists of the streaks and spots, reflects the
formation of QRs [91]. The patterns of samples B and C are featured by the spots
only, implying that there should be the QDs on the surface.
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Figure 6.2 AFM images of GaSb NSs in (a) sample A, (b) sample B, and (c)

sample C.
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The AFM images displayed in Figure 6.2 reveal that QRs are obtained in
sample A, whereas each NS in samples B and C consists of the thin QR lobe and the
QD placing at the nanohole edge. The densities of GaSh NSs for samples A, B, and C
are ~7.2x10°% ~6.0x10°, and ~4.5x10° cm2, respectively. It is clear that the density of
GaSb NSs decreases with increasing the Ga amount. This observation is attributed to
the coalescence of the initial Ga droplets, which can take place at high Ga amount to

reduce the surface energy.
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Figure 6.3 Three-dimensional AFM images of individual GaSb NSs with cross-
sectional profiles of (a) sample A, (b) sample B, and (c) sample C. The

gray lines represent the mean surface level.

To make a closer look at the GaSb NSs, three-dimensional AFM images with
cross-sectional profiles of individual NSs are taken and depicted in Figure 6.3. It is
obvious that, for samples B and C, the QR lobe height is much lower than the QD
height. That is why the RHEED patterns of samples B and C are spotty. For sample
A, the formation mechanism of the QR which is the lobe around the nanohole can be
described by the outward diffusion of Ga atoms from the initial droplet and the

droplet etching. Like sample A, the droplet etching causes the nanoholes in samples B
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and C. Since the compressive strain due to the lattice mismatch between GaSb and
GaAs is built up and stored in the GaSb nanocrystals, the formation of the QDs in
samples B and C would be responsible for the strain relaxation [24]. It is noteworthy
that the QRs in sample A possess the nearly uniform lobes without the QDs,
suggesting that the strain stored in the GaSb QRs does not exceed a critical value.

According to the AFM results, the average NS diameters (w) measured along

the [1i0] direction for samples A, B, and C are 53.9, 60.0, and 65.8 nm, respectively.
It is apparent that the NS diameter increases with the Ga amount because of the
increase in the initial droplet size. The average NS depths (d) are 0.76, 0.64, and 0.39
nm for samples A, B, and C, respectively. The NS depth decreases with increasing the
Ga amount because the large Ga droplet tends to be crystallized faster than the small
one, resulting in the less time spent in the droplet etching [95]. The variations of NS

diameter and depth are thus opposed to each other, as seen in Figure 6.4.
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Figure 6.4 Dependence of NS diameter (w) and depth (d) on Ga amount. The
dashed lines show the trend of variation.

Due to the Sb-for-As exchange reaction, the GaAs surface is transformed into
the GaSb surface during crystallization. Since the diffusion of Ga atoms on GaSh
surface is isotropic [24], the shape of NSs in all samples should be circular.

Nevertheless, only QRs in sample A show the circular shape. The NSs in the other
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samples are somewhat elongated in the [1i0] direction and the elongation is more
pronounced when the Ga amount increases (see Figures 6.3(b) and (c)). From these
results, it is highly possible that the time taken to form the GaSb surface through the
Sb-for-As exchange reaction would affect the shape of GaSb NSs. If the GaSb surface

does not mainly occur at the same time that the droplets begin to be crystallized, most
Ga atoms have to diffuse on the GaAs surface where the [1i0] direction is preferred.

The shape of NSs is thus elongated in the [1i0] direction and the QD tends to grow in
this direction where the GaSb nanocrystals accumulate. Apart from the diffusion, the
NS shape in the lattice-mismatched system is determined by the balance between
strain energy and surface energy. The NS consisting of one QD with thin QR lobe
would be the shape that minimizes the total energy of the system. The above
condition along with the explanations is consistent with the AFM results in samples B
and C (see Figures 6.3(b) and (c)). On the other hand, if most Ga atoms diffuse from
the Ga droplet after the GaSb surface is greatly formed, the diffusion of Ga atoms
becomes isotropic, resulting in the circular shape of NSs as found in the QRs in
sample A. The evidence supporting such descriptions is the change of RHEED
patterns of samples B and C at which the spotty patterns quickly appeared after the
introduction of Sh, flux, while the RHEED pattern of sample A took a long time to

develop into the streaks and spots.

The normalized PL spectra measured at 20 K are depicted in Figure 6.5(a).
The GaSb NS peaks for samples A, B, and C are at 1.121, 1.092, and 1.079 eV,
respectively. The NS peak shifts to the lower energy as a result of the larger NS size
when the Ga amount increases. Since samples B and C contain both thin QR lobes
and large QDs, there should be two separate PL peaks from NSs. In contrast to the
expectation, only one peak from the GaSb NSs is observed from samples B and C,
implying that the thin lobes might be annihilated by the As-for-Sb exchange reaction
during capping [17, 96] and the NS peak is attributed to the GaSb QDs. Another peak
at 1.227 eV originates from the GaSb layer caused by the Sb-for-As exchange
reaction during crystallization. The dependence of the PL peak energy of GaSb NSs

(Eys) on the third root of excitation power (PY?) is shown in Figure 6.5(b). It is

found that E,g increases with the excitation power because more photo-generated
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carriers induce the steeper triangular quantum well at the GaSh/GaAs interface,

leading to the rise of electron quantization energy [5]. Furthermore, E,g is linearly

dependent on PY2, which is the characteristic of type-11 band alignment [73].

Figure 6.5

PL intensity (arb. u.)

1.13f

[u—

—

-
L]

5=

[—3

|
T

1.05f

(b) =
.
-
.
-
o7
e
. @ . A
o7 AT
ol
’Af"’ |l Sample A
. | @ Sample B
| A Sample C

09 1.0 L1 12 13 14
Energy (eV)

Pl /3 (WI/S)

01 02 03 04 05 0.6

(@) Normalized PL spectra of GaSb NSs at 20 K. (b) Variations of
GaSb NS peak energies measured at 20 K as a function of the third

root of excitation power. The dashed straight lines are guide for the

eyes.



Chapter 7

Effect of Ga deposition rates on GaSh/GaAs nanostructures

In general, the diffusion behavior of group-I11 atoms out of the original droplet
during crystallization with group-V flux is different for different droplet sizes. The
droplet size and density can be changed by the group-I1l deposition rate. For droplet
epitaxy in the GaSh/GaAs system, the variation of Ga deposition rate gives rise not
only to a GaSb quantum ring (QR) but also to a complex nanostructure, a GaSb QR
surrounded by ring-shaped quantum dot molecules (R-QDMs) after crystallization
with Sb flux. A simple descriptive model is consequently proposed in this chapter to
explain the formation mechanisms. This model relies on the Ga droplet size, distance
between Ga droplets, and diffusion area of Ga atoms during crystallization. Besides,
the mismatch strain is a key factor in the origin of R-QDMs. The photoluminescence

(PL) measurement is performed to verify the model.

7.1 Experimental details
All samples were grown on semi-insulating GaAs (001) substrates by droplet
epitaxy using solid-source molecular beam epitaxy. After the surface oxide desorption

at 580 °C under As, flux of 8x10° Torr for 10 min, a 300-nm GaAs buffer layer was
grown at 580 °C where the reflection high energy electron diffraction (RHEED)

pattern showed a clear (2x4) As-stabilized surface. Then, the substrate temperature
was reduced to 300 °C under As, flux. When the substrate temperature was stable at
300 °C, the RHEED pattern showed a sharp c(4x4) As-stabilized surface. To prevent
the initial reaction between Ga and As, during droplet formation, the As, flux was
terminated in order to eliminate As in the growth chamber. Once the background
pressure was less than 5x10°° Torr, a constant Ga amount of 3 monolayers (ML) (an
equivalent amount of 3-ML GaAs grown under the presence of As) was deposited at
300 °C to form Ga droplets with different Ga deposition rates of 0.1, 0.2, 0.3, and 0.5
ML/s (labeled as samples A, B, C, and D, respectively). During Ga deposition stage,
the RHEED pattern became diffused and changed from c(4x4) to halo patterns since
the Ga droplets were in liquid phase. After that, the Sb, flux of 5x107 Torr was
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supplied to the droplets at 250 °C for 90 s. During this stage, the RHEED pattern was
gradually clear and the pattern after 90-s Sb exposure consisted of streaks and spots.
Such a pattern reflects the existence of ring-shaped nanostructures on the surface [91].
Finally, the sample was immediately quenched to room temperature. For PL study,
another set of sample was fabricated with the same procedures. GaSh nanostructures
were then capped by a 150-nm GaAs layer (see more details in Chapter 5). The
surface morphology of all samples was investigated by AFM operated in dynamic
mode. The PL measurement was carried out at 20 K with a 100-mW Ar* laser having

a spot size of ~0.3 mm and a cooled InGaAs detector.

7.2 Results and discussion
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Figure 7.1 AFM images of GaSb nanostructures in (a) sample A, (b) sample B, (c)
sample C, and (d) sample D.

Figure 7.1 shows the AFM images of GaSh nanostructures grown with various
Ga deposition rates. Here, the GaSb nanostructures are classified into two types. One
is the QR which is found in samples A, C, and D. The other is the QR surrounded by
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R-QDMs, which is observed in sample B. Because of the low growth temperature in
droplet epitaxy technique, the desorption of Ga atoms from the surface can be
neglected. Therefore, the density of GaSb nanostructures would be equivalent to that
of initial Ga droplets. The densities of GaSh nanostructures of samples A, B, C, and D
are 6x108, 1.1x10° 1.3x10°% and 1.8x10° cm™, respectively. It is obvious that the
density increases with the Ga deposition rate. Since the diffusion length of adatoms
decreases with increasing of the deposition rate, the density of original droplets and
hence the density of GaSb nanostructures increase with the Ga deposition rate.
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Figure 7.2 Density of GaSb nanostructures plotted as a function of Ga deposition
rate in a log-log graph. The dashed line represents least-squares fit to
the data.

According to the nucleation theory [26], the maximum cluster density can be
expressed by n, oc (F/v)Pexp(E, /kgT) where F is the deposition rate, v is the
atomic vibration frequency, p is the value depending on the number of atoms in a
critical cluster, E, is the energy related to the atomistic processes during nucleation
stage, kg is the Boltzmann constant, and T is the temperature. The values of p and E,

for 2D and 3D islands at different condensation regimes have been reported in
Chapter 2. Since the Ga deposition rate was varied, while the other growth parameters
were not changed, the relation between the density of GaSb nanostructures and the Ga

deposition rate should follow a power law. In this case, 3D islands and complete
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condensation regime are most important. Thus, p=i/(i+2.5) where i is the critical
cluster size [27]. In Figure 7.2, the density of GaSb nanostructures is plotted as a
function of the Ga deposition rate in a log-log graph. It is clear that the results are in
good agreement with the power law as expected and a slope of the log-log graph
obtained by fitting the data is equal to the p value. The slope of a dotted line in Figure
7.2 is p=0.67+0.06, suggesting that the number of Ga atoms containing in the

critical cluster is i =5. In other words, all Ga clusters containing more than 5 atoms

are stable and grow into the Ga droplets.
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Figure 7.3 Three-dimensional AFM images of individual GaSb nanostructures
with cross-sectional profiles of (a) sample A, (b) sample B, (c) sample

C, and (d) sample D. The gray lines represent the mean surface level.
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Figure 7.4 Dependence of QR width (w), depth (d), and aspect ratio (w/d) on Ga

deposition rate. The dashed lines represent the trend of variation.

The origin of the GaSbh QR can be explained by the diffusion of Ga atoms out
of the droplet and the nanohole at the center of the QR is derived from the droplet

etching. The three-dimensional AFM images of individual GaSb nanostructures with

cross-sectional profiles along both [110] and [110] directions are depicted in Figure
7.3. The average values of QR diameter (w) along the [110] direction of samples A,
B, C, and D are 72.7, 65.5, 51.8, and 47.2 nm, respectively. Due to the fact that the
ratio between the diffusion length of adatoms and the deposition rate becomes smaller
when the deposition rate is higher, the QR diameter decreases with increasing the Ga

deposition rate. The average value of R-QDMs diameter (w") is about 240 nm. The
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formation of the complex structure, GaSb QR surrounded by R-QDMs, will be
discussed later. Because of the Sh-for-As exchange reaction, the diffusion of Ga
atoms out of the Ga droplet during crystallization should be considered as the
diffusion of Ga atoms on a GaSb surface, not a GaAs surface. Both the QR and the R-
QDM s are thus circular as a result of the isotropic diffusion of Ga atoms on the GaSbh
surface [24]. It is worth noticing on Figure 7.1 that QR lobes in all samples are not
uniform and some portion of QR lobe breaks up into some kind of quantum dot (QD)
at the edge of nanohole. This would be the way to reduce the strain energy caused by
the lattice mismatch between GaSb and GaAs [24]. However, the QD is not formed
all around the nanohole edge and the QR is still in the circular shape. There is a flat
region between the QR and the R-QDMs (see Figure 7.3(b)), and its thickness is
higher than the mean surface level. Hereafter, the flat region will be called a GaSh
disk.

In general, it has been observed that the smaller QR has the deeper nanohole at
the center [95]. This phenomenon can be described by the dependence of solubility on
the particle size. Under the same temperature, the large particle has a lower saturating
concentration than the small one [95]. It implies that the large Ga droplet can be
crystallized at low Sb concentration, whereas the small Ga droplet will be crystallized
later at high Sb concentration. The possibility of the crystallization of the large Ga
droplet is therefore higher than that of the small one, suggesting that the time spent in
the droplet etching process, which leads to the QR depth, is less in the large Ga
droplet and more in the small one. For this reason, the large diameter QR possesses
the shallow QR depth, whereas the small diameter QR possesses the deep one.
Nevertheless, there may be other factors governing this phenomenon. From Figure
7.3, the average values of QR depth (d) of samples A, B, C, and D are 1.8, 1.0, 1.2,
and 1.3 nm, respectively. The dependence of w, d, and aspect ratio (w/d) on the Ga
deposition rate is plotted in Figure 7.4. The variation of w follows the dependence of
diffusion length on the Ga deposition rate as described before (see Figure 7.4). It is
apparent that the variations of d and aspect ratio in Figure 7.4 do not follow the
mechanism related to the solubility, which has just been discussed, all over the range
of Ga deposition rates. Such a mechanism predicts that d should increase and the
aspect ratio should decrease with increasing the Ga deposition rate, respectively. In
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fact, this mechanism holds true throughout the range of Ga deposition rates but other
factors, such as the diffusion area of Ga atoms during crystallization and the distance

between Ga droplets, are needed to be taken into account.

Figure 7.5 Schematic diagram for defining the radius of diffusion area (ry) and

the distance between the centers of Ga droplets (r,) in the model.

Since the Ga deposition rate was only varied, a simple descriptive model
based on the size and density of Ga droplets and the diffusion behavior of Ga atoms
during crystallization is proposed. Assume that the diffusion area of Ga atoms has a

radius of ry and the distance between the centers of Ga droplets is r,, as illustrated in
Figure 7.5. If 2ry <r, and the Ga droplet is small, then the diffusion of Ga atoms will

be restricted to the small region around the droplet, resulting in the GaSh QR. When

the Ga droplet is larger but 2ry <r,, the diffusion of Ga atoms becomes larger,

leading to the GaSb QR having larger diameter and shallower depth than the case of
small Ga droplet according to the solubility argument. These explanations are well

consistent with the results in samples C and D. If 2r; <r, and the Ga droplet is so

large that the Ga atoms can diffuse far away from the droplet, diffusing Ga atoms tend
to accumulate at the distance as far as possible away from the droplet due to the large
gradient of Ga atom concentration. An outer zone of GaSb nanocrystals around the
GaSbh QR is therefore developed. This is similar to the formation mechanism of GaAs
concentric double rings [97]. Owing to the lattice mismatch between GaSb and GaAs,
the formation of GaSb QDs in order to reduce the strain energy can take place at the
periphery of the outer zone where GaSb accumulates. Thus, the shape of GaSb
nanostructures consists of the QR surrounded by R-QDMs. The diameter and the

depth of QR in sample B become larger and shallower, respectively, compared with
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the two previous cases because of the solubility issue. This condition along with the
mechanisms which have just been discussed can explain the origin of the complex

GaSbh nanostructure observed in sample B. Moreover, r, of sample B can be

estimated by a half of w’, i.e., ry = 120 nm. Since the diffusion area of Ga atoms

becomes larger as the droplet size increases [93, 94], if the Ga droplet is far larger

such that 2ry >r,, the diffusion area of Ga atoms for each Ga droplet overlaps with

each other. Under this condition, the periphery of the outer zone and r; cannot be

identified. Consequently, the QR should be obtained again without the existence of R-
QDMs. Also, the GaSb layer should be thicker as a result of the diffusion area
overlap. Such mechanisms are plausible for sample A. According to the solubility
argument, the QR diameter and depth in sample A should be much larger and
shallower, respectively. The average QR diameter of sample A is the largest as
expected. In contrast to the prediction, the AFM result reveals that the average QR
depth of sample A is the deepest. This observation is attributed to a shift-up of mean
surface level due to the thicker GaSb layer. Thus, for sample A, the QR depth
measured by AFM is somewhat deeper than the real depth coming from the droplet

etching process.
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Figure 7.6 Normalized PL spectra of GaSb nanostructures at 20 K.
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Consistent results with this model are also observed from the PL measurement
of the capped samples. Figure 7.6 shows the normalized PL spectra of GaSbh
nanostructures at 20 K. The GaSb QR peaks for samples A, B, C, and D are at 1.088,
1.100, 1.107, and 1.118 eV, respectively. It is clear that the QR peak shifts to higher
energy with decreasing the QR size. As a result of Sb-for-As exchange reaction, the
GaSb layer is formed during crystallization. The PL peaks of the GaSb layer in
samples B, C, and D locate at the same energy position of 1.227 eV, indicating the
same thickness of GaSb layer. Besides, the PL results confirm the model which

describes the formation mechanisms of GaSb nanostructures under the condition

2ry <r,. For sample B, in addition to the GaSb QR and the GaSb layer, a small peak

at 1.160 eV is attributed to the GaSb R-QDMs, whereas another peak placing at 1.220
eV which is close to the peak of GaSb layer likely stems from the GaSb disk. For
sample A, the peak from the GaSh layer appears at 1.217 eV which is lower than the
other samples, reflecting that the GaSh layer becomes thicker. Hence, the GaShb layer
in sample A is formed not only by the Sb-for-As exchange reaction but also by the
diffusion area overlap which is consistent with the model when the condition 2ry >,
is satisfied. The thicker GaSb layer causes the shift-up of mean surface level and also

affects the QR depth measured by AFM. That is why the QR depth in sample A is the
deepest among all samples.



Chapter 8

Effect of Ga deposition temperatures on GaSb/GaAs nanostructures

Apart from the Ga deposition rate, the substrate temperature for Ga deposition
affects the size and density of Ga droplets. As the lattice mismatch strain increases
with the nanostructure size, some part of a GaSb quantum ring (QR) may break up
and transform into a quantum dot (QD) for reducing the strain energy, giving rise to a
peculiar nanostructure which is composed of the QD and the QR in the same
nanostructure. This is called a quantum ring-with-dot structure (QRDS). The
formation of QRDSs becomes more apparent when the Ga deposition temperature
increases. Moreover, it is found that the transition from unimodal to bimodal
nanostructure height distributions occurs at high deposition temperature as a result of
the large difference between QR and QD heights. Consequently, the carrier dynamics

in the QRDSs are remarkable and discussed as the main issue of this chapter.

8.1 Experimental details

All samples were grown on semi-insulating GaAs (001) substrates by solid-
source molecular beam epitaxy. The native oxide on substrate surface was removed at
580 °C under As, flux of 8x10® Torr for 10 min. After the growth of a 300-nm GaAs
buffer layer at 580 °C, the substrate temperature was reduced to the desired
temperature for the Ga deposition. The deposition temperature (T, ) was set to 275,
300, 325, and 350 °C (referred as samples A, B, C, and D, respectively). In this
temperature range, the reflection high energy electron diffraction (RHEED) pattern
showed a c(4x4) As-stabilized surface. Once the substrate temperature reached the

desired T,, the As, flux was terminated to remove the As background pressure for

preventing the initial reaction between Ga and As, during the droplet formation.

When the background pressure of the growth chamber was less than 5x107° Torr, the
Ga amount of 3 monolayers (ML) was deposited on the substrate with a rate of 0.5
ML/s to create the liquid Ga droplets. The droplets were crystallized at 275 °C by the

Sb, flux of 5x107 Torr for 90 s. The sample was either quenched to room

temperature for surface morphology analysis with atomic force microscopy (AFM)
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operated in dynamic mode, or further grown with a 150-nm GaAs layer to cover the
GaSb nanostructures for photoluminescence (PL) study. The details of the capping
process have been stated in Chapter 5. In the PL system, the samples were excited by
a 100-mW Ar* laser having a spot size of ~0.3 mm, and a cooled InGaAs detector
together with a standard lock-in technique was used to detect and record the PL

spectra.

8.2 Results and discussion
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Figure 8.1 AFM images of GaSb nanostructures in (a) sample A, (b) sample B, (c)
sample C, and (d) sample D. The QD formed at the QR lobe in each
sample is pointed out by an arrow.

When Ga was deposited on the GaAs surface, the Ga droplets were formed in
the Volmer-Weber-like growth mode. In this work, the droplet size and density can be

controlled by T, that governs the diffusion length of Ga atoms. GaSb nanostructures

were obtained after crystallization with Sh, flux for 90 s. The AFM images of GaSb
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nanostructures are displayed in Figure 8.1. Each nanostructure consists of a lobe
around a nanohole, which is called QR. However, some portion of the lobe breaks up
and transforms into a kind of QD, leading to the QRDS. The nanohole at the center of
QR results from the Ga droplet etching, while the origin of QR lobe can be described
by the outward diffusion of Ga atoms from the initial Ga droplet because of the low

Sb, flux intensity which enables the growth of GaSb nanocrystals at the droplet

periphery to be faster than other parts of the droplet [32]. A compressive strain caused
by the lattice mismatch between GaSbh and GaAs is built up and stored in the QR lobe
during crystallization. Thus, the QD formation would be responsible for the strain

relaxation [24].
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Figure 8.2 Density of GaSb nanostructures plotted as a function of Ga deposition

temperature (T,) and its reciprocal value (1/Ty). The dashed line

represents least-squares fit to the data.

The densities of GaSb nanostructures and initial Ga droplets would be
equivalent owing to the low growth temperature where the desorption of Ga atoms
from the surface can be omitted. The density of nanostructures is 3.3x10°, 1.9x10°,
1.3x10°% and 8.5x10% cm for samples A, B, C, and D, respectively. The density

decreases with increasing T, because the adatom diffusivity (D) increases with
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temperature, which is described by D, oc exp(—E,/kgT,) where E, is the activation
energy for surface diffusion. In complete condensation regime, if E; is only
considered, the maximum cluster density can be simply expressed by n, o«c1/ D, [27].
Figure 8.2 shows the density of GaSb nanostructures as a function of T, and its

reciprocal value (1/T;). The activation energy for the Ga atom diffusion estimated

from the slope of a dashed line in Figure 8.2 is ~0.65 eV.
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Figure 8.3 Histograms of nanostructure height (h). The solid lines are Gaussian
fits to the data. Three-dimensional AFM image of an individual

nanostructure from each sample is also presented.

In the droplet epitaxy of lattice-mismatched systems, not only the diffusion

behaviors of group-l1l and group-V atoms but also the strain developed during
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crystallization is significant. As previously mentioned, the strain relaxation would
cause the breaking up of QR lobe and the QD formation. For nanostructures, height is
very important in determining the PL energy position, whereas height distribution
correlates with the PL line shape. The height (h) of GaSb nanostructure was measured

along both [110] and [110] directions. In Figure 8.3, the height distributions of
samples A, B, and C are unimodal, while sample D possesses the bimodal height
distribution where the lower-h and higher-h sides are attributed to the QRs and the
QDs, respectively. However, there is an overlap between these two distributions. By
performing the Gaussian fit to the data, the average QR heights for samples A, B, C,
and D are 0.33, 0.65, 0.88, and 1.07 nm, respectively. The average height becomes

higher with the increase in T, as a result of the larger original droplets. The center of

the Gaussian fitted line on the higher-h side, which is equal to 1.83 nm, can be
estimated to be the average QD height in sample D.

In addition to the height, diameter is another factor affecting the PL emission
since the lateral dimensions relate to the separation of quantized energy levels. The
diameter (w) of GaSb nanostructure is defined by a distance between highest points

(see Figure 8.4(a)) along both [110] and [110] directions. The nanostructure shape is
quite circular because of an isotropic diffusion of Ga atoms on the GaSb surface
formed by the Sb-for-As exchange reaction during crystallization [24]. The average
diameters are 48.5, 52.6, 57.2, and 60.7 nm for samples A, B, C, and D, respectively.
As the diffusion length of Ga atoms increases with temperature, the droplet size and

hence nanostructure diameter increase with T,. In Figure 8.4(b), the diameter in each

sample exhibits a unimodal distribution, suggesting that the QD formation does not
significantly influence the diameter of GaSbh nanostructure. To make a closer look at
the QRDS, a magnified AFM image of a single QRDS from sample D with its
corresponding contour plot is shown in Figure 8.4(a). It is obvious that the base of QD
extends inwards the nanohole edge and also outwards the QR periphery, as pointed by
arrows in Figure 8.4(a). This observation is likely related to the compressive strain
within QR structure [98]. Therefore, the QD base is slightly wider than the QR lobe

width after strain relaxation.
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Figure 8.4 (a) A magnified AFM image of a single QRDS taken from sample D
and its contour plot. The extension of QD base (inwards nanohole edge
and outwards QR periphery) is indicated by arrows. (b) Histograms of
nanostructure diameter (w). The solid lines are Gaussian fits to the
data.

The normalized PL spectra measured at 20 K are depicted in Figure 8.5. The
peak energy of 1.222 eV likely comes from a GaSb layer which would be formed by
the Sb-for-As exchange reaction during crystallization. The peaks from GaSb
nanostructures for samples A, B, and C locate at 1.118, 1.110, and 1.105 eV,
respectively. Due to no clear difference between QR and QD heights in samples A, B,
and C, the emissions of QRs and QDs, which contribute to the PL band, cannot be
discriminated. For this reason, such a PL band is defined as RD which is referred to
the indistinguishable PL emission. On the other hand, for sample D, two PL peaks at
1.050 and 1.101 eV are attributed to QDs and QRs, which are labelled as D and R
bands, respectively, because the QD height is higher than the QR one. The PL results
are consistent with the size distribution analysis. The shift of RD peak to the lower
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energy stems from the nanostructure size which is larger as T increases. Since the

size distribution of nanostructures affects not only the PL line shape but also the
behavior of carriers activated by temperature, the optical properties of sample D

possessing both clear QRDSs and bimodal height distribution are of interest.
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Figure 8.5 Normalized PL spectra at temperature T = 20 K with excitation power
P =100 mW. RD denotes the indistinguishable PL band contributed by
both QR and QD emissions. D and R represent the PL emissions from

QDs and QRs, respectively.

According to the PL spectrum of sample D, the D and R bands overlap each
other and are far from the emission from the GaSb layer, as seen in Figure 8.5. Due to
the proximity of QR to QD as well as the significant difference between QR and QD
heights, which results in their own energy levels, the thermally activated carriers
(holes) would directly tunnel from a QR into a QD in a single QRDS. This scenario is
different from the carrier transfer in the bimodal QDs through the wetting layer,
which is generally observed in InAs/GaAs QDs [46-48]. Nevertheless, the carrier
migration from small QRDSs to large ones via the GaSb layer should still exist
because of the large lateral dimension of nanostructures. The temperature dependence
of PL spectra from sample D is displayed in Figure 8.6(a). At 250 K, the QR emission
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can be still observed, whereas the QD emission cannot be found. It is likely because
the QRs have more surface area for the radiative recombination than the QDs. The

peak energies of D and R bands (denoted by E and Eg) plotted as a function of
temperature (T) are depicted in Figure 8.6(b). Both E, and E; show a blueshift in a
range of 20-50 K, and then follow the band gap temperature dependence at high

temperatures. The mechanisms responsible for such a blueshift at low temperatures
are as follows. According to the type-Il band alignment of GaSh/GaAs, an internal
electric field at the GaSbh/GaAs interface is induced by the confined holes in GaSb and
the electrons in GaAs, which are attracted around GaSb via Coulomb interaction.
Such an electric field bends the conduction band into the triangular quantum well,
giving rise to the quantization energy levels for electrons. An increase in temperature
results in the more population of thermal-excited carriers, leading to the steeper
triangular quantum well and thus the shift-up of the quantization energy levels. For
this reason, the PL peak energy exhibits the blueshift. Nonetheless, as temperature
further increases, there is the competition between the energy level shift-up, and the
cumulative effects of electron-phonon interaction and thermal lattice expansion,
which lower the PL peak energy. The PL results suggest that the latter begins to be
significant when T > 50 K, and becomes more predominant at high temperatures, as

seen from the reductions in Ep and Eg.

The migration of thermal-excited carriers can be investigated from the changes
of the integrated PL intensity and the full width at half maximum (FWHM) of PL line
shape. The variations of the integrated PL intensity ratio of the D-band emission to
the R-band one (15 /1;) and the FWHMSs of D and R bands (labelled as F, and Fy)

are shown in Figures 8.6(c) and (d), respectively. The PL intensity ratio, Fy, and Fg
are almost constant in the range of 20-50 K, implying that holes are still confined in
the GaSb nanostructures. It is worth noting that both intensity ratio and F, increase,
whereas F; decreases at intermediate temperatures (60-140 K). This behavior

indicates that the thermally activated holes transfer from the QRs to the QDs and/or
other larger nanostructures having a lower energy state. As temperature further
increases, the reduction in intensity ratio is likely due to the holes which are thermally
escaped from the QDs to the GaSb layer and/or the GaAs matrix as well as the non-
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radiative recombination centers, and/or become recaptured into the QRs. The
increments in F; and Fy can be explained by the electron-phonon interaction which
IS more important at high temperatures. The recapture of thermal-excited holes into
the QRs would also participate in the rise of F;. However, the further studies on
experimental and theoretical aspects are needed for better understanding of the
mechanisms of optical transition and carrier dynamics in type-11 nanostructures with

bimodal size distribution.
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Figure 8.6 (a) Temperature-dependent PL spectra of sample D with excitation
power of 100 mW. The dashed lines are Gaussian fits to the PL
spectrum for specifying D and R bands. The plots of (b) PL peak
energies (Ep and Eg), (c) integrated PL intensity ratio (1,/15), and
(d) FWHM values (Fy and Fg) as a function of temperature. The

dashed lines in (b), (c), and (d) show the trend of variation.



Chapter 9

Effect of crystallization temperatures on GaSh/GaAs nanostructures

In droplet epitaxy, the crystallization process is very important as the feature
of nanostructures is decided by the crystallization condition. The temperature and the
group-V flux intensity are the main parameters in the crystallization process.
Nonetheless, the latter cannot be studied due to the limitation of Sb valved-cracker
cell, as stated in Chapter 1. The crystallization temperature strongly affects not only
the nanostructure morphology but also the thickness of GaSb layer originated from
the Sb-for-As exchange reaction. Similar to Chapter 7, the GaSb quantum ring (QR)
and the QR surrounded by ring-shaped quantum dot molecules (R-QDMs) can be
obtained by adjusting the crystallization temperature. Hence, the model proposed in
Chapter 7 can be applied to explain the formation mechanism of these nanostructures.
Interestingly, the GaSb layer does not appear at very low crystallization temperature.
This chapter also presents a comparison between the carrier dynamics in GaSb QRs
with and without the GaSb layer.

9.1 Experimental details

All samples were grown on semi-insulating GaAs (001) substrates by solid-
source molecular beam epitaxy. Prior to the growth of 300-nm GaAs buffer layer, the
native oxide on the substrate surface was removed at 580 °C under As, flux of 8x10®
Torr for 10 min. The substrate temperature was subsequently lowered to 350 °C.
Then, the As, flux was stopped supplying to eliminate the As background pressure
which may initially react with Ga atoms during Ga deposition for the droplet
formation. Once the background pressure of the growth chamber was less than 5x10°
Torr, Ga amount of 3 monolayers (ML) was deposited on the substrate at 350 °C with
a rate of 0.3 ML/s. After that, the Ga droplets were crystallized by Sb, flux of 5x107
Torr for 90 s at desired temperature. The crystallization temperature (T,) was set to
200, 225, 250, and 275 °C (labeled as samples A, B, C, and D, respectively). The

sample was either quenched to room temperature for surface morphology analysis

with atomic force microscopy (AFM) operated in dynamic mode, or further grown
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with a 150-nm GaAs layer to cover the GaSb nanostructures for photoluminescence
(PL) measurement (see more details in Chapter 5). A 514.5-nm line Ar* laser having a

spot size of ~0.3 mm and a cooled InGaAs detector were used in the PL system.

9.2 Results and discussion
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Figure 9.1 AFM images of GaSb nanostructures in (a) sample A, (b) sample B, (c)
sample C, and (d) sample D. Three-dimensional AFM images of

selected nanostructures (enclosed by white squares) with their cross-

sectional profile along the [110] direction are also displayed. The gray
lines represent the mean surface level.
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AFM images of samples A, B, C, and D are shown in Figure 9.1. Here, the
GaSb nanostructures are categorized into two types. One is the QR which is formed in
samples A, C, and D. The other is the QR surrounded by R-QDMs, which is found in
sample B. The density of GaSb nanostructures is ~5.6x108 cm™ for each sample
because of the same Ga deposition temperature and deposition rate, resulting in the
same initial droplet density. The average QR diameter (w) is ~77 nm for all samples,

implying that T, does not take more effect on the QR diameter. The average values of

QR depth (d) are about 1.1, 1.1, 1.6, and 1.6 nm for samples A, B, C, and D,
respectively. The variation of d involves with the diffusion behavior of Ga atoms
during crystallization, which will be discussed later. It is worth pointing out that there
are few quantum ring-with-dot structures found even the QR size is larger than that in
Chapter 8. As a matter of fact, the QD formation reduces the strain energy at the
expense of the surface energy such that the minimization of total energy of the system
is achieved. Consequently, in this case, it is plausible that most of the QRs can handle
their compressive strain and exist as a stable shape.

The QR formation can be described by the outward diffusion of Ga atoms
from the original droplets as a result of the gradient of Ga atom concentration and the
use of low Sb, flux intensity, whereas the nanohole at the center of the QR results
from the droplet etching process. Since the diffusion length of Ga atoms determines
the morphology of GaSb nanostructures and exponentially increases with temperature,
the descriptive model in Chapter 7 can be applied here to describe the origin of R-
QDMs as well as the change of QR depth. Given that the radius of diffusion area for

each Ga droplet is r; and the distance between the centers of Ga droplets is r,. The
droplet size and its distribution are assumed to be the same in all samples due to the
same Ga deposition temperature and deposition rate. For this reason, according to the
model, ry is only varied and becomes longer when T, increases. If 2r; <r, and T, is
not high, then the diffusion of Ga atoms will be limited around the droplet periphery,
giving rise to the GaSb QR as observed in sample A. When T, is so high that the Ga
atoms are allowed to diffuse away from the original droplet but the condition 2ry <r,

is still satisfied, an outer zone of GaSb nanocrystals around the GaSb QR can be
developed as a result of the gradient of Ga atom concentration. Because of the



84

mismatch strain stored in the GaSbh nanocrystals, the QDs which are circularly formed
along the outer zone would be a way to reduce the strain energy. This can describe the
origin of the GaSb nanostructures in sample B, which consist of the QR surrounded
by R-QDMs. Besides, r; can be estimated by a half of w’, i.e., r; = 150 nm. If T,
further increases such that 2ry >r;, the diffusion area for each droplet overlaps with
each other. Therefore, the QR should be obtained again because the periphery of outer
zone and ry cannot be identified. Moreover, the diffusion area overlap causes a shift-
up of mean surface level, resulting in the deeper QR depth. This condition is well
consistent with the AFM results in samples C and D. The cross-sectional profile in

Figure 9.1(b) shows that there is an almost flat region between the QR and the R-
QDMs. Such a region is called a GaSb disk.
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Figure 9.2 Normalized PL spectra at temperature T = 20 K with excitation power
P =100 mW.

The normalized PL spectra measured at 20 K are depicted in Figure 9.2. The
PL peak from the GaSh layer which is formed during crystallization places at 1.238,
1.232, 1.227, and 1.218 eV for samples A, B, C, and D, respectively. Such a decrease

in the peak energy indicates that the GaSb layer becomes thicker with the increase in
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T, because raising the temperature encourages the Sh-for-As exchange reaction and

the diffusion of Sb atoms into the GaAs buffer layer [90]. The thickening of GaSb
layer in samples C and D also comes from the diffusion area overlap, as described in

Chapter 7. It is obvious that T, plays a crucial role in the thickness of GaSb layer. On
the contrary, T, does not influence the GaSb QRs as the QR peak appears at 1.090 eV
for every sample. For sample B, there are two additional peaks at 1.165 and 1.224 eV,
which are attributed to the GaSh R-QDMs and the GaSb disks, respectively. Since the
PL results evidently show that the GaSb layer thickness can be changed by T, it is
possible to eliminate the GaSb layer by applying very low T, in order to suppress the
Sb-for-As exchange reaction and limit the diffusion area. Therefore, it can be
hypothesized that the use of very low T, with the same Sh, flux intensity should
result in the GaSh QRs without the GaSb layer. To verify this hypothesis, another
sample (referred as sample E) was grown with the same growth parameters, except T,

which was set to 100 °C.
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Figure 9.3 AFM image of GaSb nanostructures in sample E. Three-dimensional

AFM image of a selected nanostructure (enclosed by a white square)

with its cross-sectional profile along the [110] direction is also

displayed. The gray line represents the mean surface level.

Figure 9.3 shows the AFM image of sample E. As expected, the GaSb QRs are
obtained and the density is equivalent to the other samples (~5.6x108 cm™2). The
average QR size is ~77 nm in diameter and ~1.1 nm in depth. The PL measurement
with the variation of excitation power (P) from 5 to 200 mW was carried out on

sample E. The higher excitation powers were also used but the PL intensity decreases



86

as a consequence of the heat generated in the sample. The power-dependent PL
spectra of sample E are depicted in Figure 9.4. Even though the PL intensity of the
GasSb layer is several times higher than that of the GaSb QRs, the peak from the GaShb
layer cannot be observed, whereas the QR emission still exists. The inset of Figure 9.4

displays the peak energy of the GaSh QRs ( Eqg) plotted as a function of the third root

of excitation power (P"®). It is clear that Ey is linearly dependent on P2, which is

the characteristic of type-1l band alignment.
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Figure 9.4 Power-dependent PL spectra of sample E at temperature T =20 K. The

inset shows the variation of Ey; as a function of the third root of

excitation power. The dashed straight line is guide for the eyes.

Since the GaSb layer acts as the channel for the migration of thermal-excited
carriers between the GaSb QRs, the temperature-dependent PL measurement is a way
to investigate the difference in the carrier behaviors between the QR samples with and
without the GaSb layer. Thus, samples A and E were chosen for comparison. The
temperature dependence of PL spectra of these two samples is shown in Figure 9.5.
The temperature (T) was varied from 20 to 250 K, where the PL signals can be

apparently observed. The variations of E,g as a function of temperature are displayed
in Figures 9.6(a) and (c). It is found that the tendencies of the changes in Eqy are

similar in both samples. Because the spatial separation between electrons and holes
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creates an internal electric field at the GaSh/GaAs interface, the conduction band is
bent into a triangular quantum well, leading to the quantization energy for electrons,
as shown in the inset of Figure 9.5(b). The increase in temperature causes more
population of thermal-excited carriers at the GaSh/GaAs interface and stronger band
bending which raises the electron quantization energy level. This mechanism can

explain the blueshift of Eyz at low temperatures (20-50 K). When the temperature

further increases, both the electron-phonon scattering and the thermal lattice
expansion begin to dominate over the rise of the quantization energy level. Hence,

Eqr shifts to the lower energy at high temperatures.
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Figure 9.5 Temperature-dependent PL spectra of (a) sample E and (b) sample A,
which were obtained by using the excitation power of 100 mW.
Schematic band alignment of GaSb/GaAs heterostructure including the

band-bending effect is also displayed in the inset of (b).

A significant difference between the QR emissions from samples A and E is
the variation of full width at half maximum (FWHM). As seen in Figures 9.6(b) and
(d), FWHM is almost constant over the temperature range of 20-50 K, indicating that
holes are still confined in the GaSb QRs. For sample E, FWHM increases with
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temperature when T > 50 K (see Figure 9.6(b)) due to the electron-phonon scattering.
This is similar to the type-1 InGaAs/GaAs QDs without wetting layer (WL) [99]. On
the contrary, Figure 9.6(d) shows that FWHM of sample A decreases at intermediate
temperatures (60-125 K) and then increases at higher temperatures. The band
narrowing at the intermediate temperatures is attributed to the thermally escaped holes
which transfer from the small QRs to the large ones through the GaShb layer, while the
band broadening at high temperatures likely stems from the electron-phonon
scattering. Although the decrement in FWHM in sample A at the intermediate
temperatures can be seen as the evidence of the migration of holes from small to large
QR ensembles, the fast redshift of peak energy does not appear, which is in contrast to
the type-1 QDs with WL [99]. This observation is ascribed to the band-bending effect
which would compensate the reduction of transition energy (i.e., the difference
between electron and hole quantization energy levels) caused by electron-phonon

interaction.
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Figure 9.6 Temperature dependence of (a) Eqz and (b) FWHM of QRs in sample
E. Temperature dependence of (c) Eqyz and (d) FWHM of QRs in

sample A. The dashed lines present the trend of variation.

Another crucial point is the ability of hole confinement which is expected to
be more effective in the GaSb QRs without the GaSb layer. According to the
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temperature-dependent PL results, the activation energy ( E,) for thermal quenching
of QR band can be extracted from the Arrhenius plot of integrated PL intensity (see
Figure 9.7). The temperature dependence of integrated PL intensities of the QRs in
samples A and E is well described by

_ I0
IF’Lm_1+Ce><p(—EA/kBT) (0.1)

where |1, is the integrated PL intensity at 0 K, C is a constant, and kg is the

Boltzmann constant. The activation energy is ~176 meV for sample A and ~420 meV
for sample E. It is clear that the activation energy of the QRs in sample E is
comparable to the hole confinement energy of 450 meV [10], indicating that the
thermionic emission of holes from the GaSb QRs to the GaAs matrix is responsible
for the reduction in PL intensity. On the other hand, the activation energy of the QRs
in sample A is much smaller than the hole confinement potential because the thermal-
excited holes can transfer between the GaSbh QRs and the GaShb layer, and the holes
which are thermally activated from the GaShb layer can be recaptured into the GaSh
QRs [7], decelerating the quenching of QR emission.
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Figure 9.7 Arrhenius plot of normalized integrated PL intensity for QRs in
samples A and E. The solid lines are the activation energy fit.

So far, the advantages of uncoupling between type-l1l nanostructure states in
the application point of view have never been mentioned, while the absence of WL in
type-1 QD ensemble is expected to enhance the performance of QD lasers [99].
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Nonetheless, because of the deep confining potential for holes and small nuclear
moment in the GaSb/GaAs nanostructures [100], hole spins can be robust against the
dephasing [101]. Since the hole-spin relaxation time decreases with increasing the
temperature in the case of quantum wells as a consequence of hole delocalization
[102], the GaSb/GaAs QDs or QRs without the GaSb layer would prolong the hole-
spin relaxation time. These scenarios might be promising for quantum information

processing [101].



Chapter 10

Conclusion

The influence of growth parameters on GaSh/GaAs nanostructures grown by
droplet epitaxy using solid-source molecular beam epitaxy has been intensively and
systematically investigated. By virtue of the valved-cracker cell which can produce
the Sb flux intensity up to ~10° Torr, most of the GaSb nanostructures are ring-
shaped as a result of such a low Sb flux employed in the crystallization process.
However, droplet epitaxy, which provides the high degree of freedom to engineer the
morphology and other properties of I111-V self-assembled nanostructures, can break
through this limitation as there are many crucial parameters in droplet epitaxy
technique. This advantage is derived from its procedure which is divided into two
steps: the formation of group-I1l droplets and the crystallization with group-V flux.
For droplet epitaxy of GaSb nanostructures on the GaAs substrates, the Ga amount,
Ga deposition rate, and Ga deposition temperature are the growth parameters which
can be varied in the first step. Even the crystallization temperature and Sb flux
intensity are important in the second step, the Sb flux intensity cannot be adjusted
over a wide range due to the technical limit of equipment. Thus, the crystallization
temperature becomes the only one parameter in the second step of droplet epitaxy,
which has been studied in this dissertation.

Droplet epitaxy offers the ability to fabricate GaSb quantum rings (QRS) by
crystallizing the Ga droplets with the low Sb flux. The QR results from the outward
diffusion of Ga atoms from the Ga droplet owing to the growth of GaSbh nanocrystals
at the droplet periphery which is faster than the other parts, and the gradient of Ga
atom concentration. It is worth noting that the GaSb QRs are somewhat circular
because the Sb-for-As exchange reaction turns the GaAs surface into the GaSh
surface during crystallization and the diffusion of Ga atoms on the GaSb surface is
isotropic. Since the Ga droplet can dissolve the GaAs layer underneath, the nanohole
is formed at the center of the GaSb QR after crystallization. The evolution of Ga
droplets into the GaSb QRs is tracked by reflection high energy electron diffraction
(RHEED) and atomic force microscopy (AFM). The RHEED specular beam intensity
suggests that the minimum crystallization time is ~50 s. The longer crystallization
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time is needed for the larger droplets. Nonetheless, the longer time and/or the higher
Sb flux may induce the polycrystalline granular Sb layer on the growth surface.
Consequently, the maximum crystallization time of 90 s is enough to ensure the
complete crystallization.

To examine the optical properties of GaSb nanostructures buried in the GaAs
matrix by photoluminescence (PL) measurement, the capping process is very critical
as the GaSb nanostructures might be destroyed by the intense As-for-Sb exchange
reaction during the growth of GaAs capping layer. The As-for-Sb exchange can be
suppressed at low temperature. The GaSh nanostructures are therefore capped with a
20-nm GaAs layer at 250 °C, and followed by an additional 130-nm GaAs layer
grown at 450 °C. The PL emission from the GaSh/GaAs nanostructures stems from
the radiative recombination between holes confined in the GaSh nanostructures and
electrons in the GaAs barrier, which are induced to reside at the GaSh/GaAs interface
due to the Coulomb attraction. This leads to an internal electric field at the interface
which bends the conduction band into a triangular quantum well. For this reason, the
ground state transition energy increases with the excitation power and is linearly
dependent on the third root of excitation power.

According to the Sb-for-As exchange reaction, the GaSb layer is often formed
together with the GaSb nanostructures. Importantly, the GaSb layer plays a role in the
carrier dynamics in the GaSb nanostructures. For the GaSh/GaAs QRs, the power-
dependent PL results indicate that the PL peaks of both the GaSb QRs and the GaSh
layer exhibit the blueshift when the excitation power increases. As expected, the peak
energies of both structures proportionally increase with the third root of excitation
power. Nevertheless, the peak of the GaSb layer becomes saturated at high excitation
powers as a consequence of the reduction in the oscillator strength by the screening
effect within two-dimensional electron-hole plasma. The temperature-dependent PL
results suggest that the quenching of GaSb QR emission is derived from the thermal
escape of holes, and there is the carrier transfer between the GaSh QRs and the GaSb
layer. Interestingly, the PL peaks of both the GaSb QRs and the GaSb layer show the
blueshift in low temperature range because the higher population of thermal-excited
carriers induces a stronger band-bending effect, and then follow the band gap
temperature dependence in high temperature range owing to the electron-phonon
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interaction. However, there is a competition between these two effects at intermediate

temperatures. Hence, the optical behavior in type-1I nanostructures is complicated.
The variation of Ga amount leads to the strange GaSh/GaAs nanostructures.

The GaSb QR, which is quite circular, is obtained after crystallizing the 3-ML Ga

droplet, while the nanostructure like the quantum dot (QD) at the edge of nanohole in

the [110] direction originates in the cases of the 4- and 5-ML Ga droplets. These
results reveal that the GaSh QDs tend to appear instead of the QRs if high Ga amounts
are deposited. It is found that the crucial factors governing the shape of GaSb
nanostructures are the diffusion behavior of Ga atoms, time taken for the droplets to
be crystallized, and strain. The coalescence of the droplets is also observed at high Ga
amounts.

Since the larger droplet provides the larger diffusion area, not only the GaShb
QR but also the GaSb QR surrounded by ring-shaped quantum dot molecules (R-
QDMs) can be achieved by changing the Ga deposition rate which determines the
droplet size and density. For the large droplet, it is possible for Ga atoms to diffuse far
away from the original Ga droplet, giving rise to an outer zone of GaSb nanocrystals.
Nevertheless, the R-QDMs are introduced instead of an outer QR because of the strain
relaxation. A simple descriptive model, which is based on the Ga droplet size,
distance between Ga droplets, and diffusion area of Ga atoms, is proposed to elucidate
the formation mechanisms of such nanostructures. This model is supported and
verified by the PL measurement.

For droplet epitaxy in lattice-mismatched systems, the morphology of resulted
nanostructures is generally decided by the balance between strain energy and surface
energy in addition to the diffusion of group-Ill and group-V atoms. Because of the
compressive strain in GaSb QR, some portion of QR lobe may break up and transform
into the QD for reducing the strain energy. A nanostructure containing both the QR
and the QD is called a quantum ring-with-dot structure (QRDS). Interestingly, the
formation of QRDSs becomes more pronounced for large Ga droplets which can be
obtained at high Ga deposition temperature. The QRs with rather uniform lobes can
be consequently accomplished by using low Ga deposition temperature. It is worth
pointing out that when the Ga deposition temperature increases, the nanostructure

height distribution changes from unimodal to bimodal behaviors owing to the
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significant difference between QR and QD heights, whereas the nanostructure
diameter still displays the unimodal distribution. The temperature-dependent PL
results reveal that there is the transfer of thermal-excited holes between QR and QD
ensembles through the GaSb layer and/or between the QR and the QD in the single
QRDS, as evidenced by the variations of integrated PL intensity and PL line shape.

As the diffusion of Ga atoms exponentially increases with temperature, the
GaSbh QR and the GaSb QR surrounded by R-QDMs can be grown by adjusting the
crystallization temperature. For this reason, the model, which has been proposed in
the case of the study of the effect of Ga deposition rate, is possibly applicable to this
case. The PL measurement shows that the GaSb layer is thicker with increasing the
crystallization temperature as a consequence of the stronger Sb-for-As exchange
reaction and/or the diffusion area overlap. According to this observation, the GaSh
QRs without the GaSb layer can be achieved by utilizing very low crystallization
temperature. As a matter of fact, the GaSb layer acts as the channel for the migration
of thermal-excited holes between GaSh QRs, affecting the hole confinement ability.
The GaSb QRs without the presence of the GaSb layer, therefore, can confine holes
more effectively than those with the GaSb layer, as confirmed by the temperature-
dependent PL measurement.

Before closing this dissertation, there are some comments and suggestions
worth mentioning. Firstly, the influence of the Sb flux intensity on the GaSb/GaAs
nanostructures grown by droplet epitaxy is still open for further study. Secondly, the

antimony radicals, in particular Sh, and Sh,, are interesting as they are more reactive
than Sh,. Thirdly, the Aharonov-Bohm effect in the GaSb/GaAs QRs is intriguing for

fundamental physics. Lastly, from the application point of view, the GaSh/GaAs
nanostructures are suitable for photodetectors, solar cells, and memory devices due to
the type-11 band alignment. Compared with the GaSh/GaAs QDs, the GaSh/GaAs
QRs can be seen as a candidate for light-emitting devices because they have more
surface area for radiative recombination and less strain, resulting in more electron-
hole wave function overlap. In addition, the GaSb QRs without the GaSb layer would
enhance the hole-spin relaxation time and dephasing time, making them promising for

guantum information processing.
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