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ABSTRACT

ABSTRACT
Semiconductor nanostructures formed by a surface modification process
caused by ion sputtering is studied in this thesis. The microscopic dynamics of the
semiconductor surface undergoing ion impingement is discussed in detail. Due to the
promising controllability and minimal damage creation on the substrate, low ion
energy Ar+ sputtering is adopted in the investigation. GaAs, because of its proven
importance in the fundamental quantum effect studies, is selected to be the
semiconductor platform on which extensive experimental activities are carried on. The
Ar+ sputtering induced GaAs(100) surface morphology evolution below 1200 eV ion
energy is firstly investigated. The sputtered surface is examined and characterized by
atomic force microscopy (AFM). It has been found that no regular surface patterns can
be observed when the ion energy is in the low eV range. Nanograins mixed with
irregularities start to develop and grow with increasing ion energy above the mid eV
energy range, and regular QDs can be obtained typically at ion energies near 1000 eV.
The energy dependent dot evolution is evaluated based on solutions of the isotropic
Kuramoto-Sivashinsky (KS) equation. The result suggests that ion energy is one
dominant factor that influences the QD formation process when the semiconductor
surface is sputtered at low ion energy. Our study has proved the feasibility to fabricate
GaAs QDs using low energy ion sputtering, and this fabrication process can be well
controlled by the energy dependent QD formation model.

Because time plays an equally critical role in the QD size development as
well as the surface pattern uniformity and periodicity, the QD formation process is
i
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studied in the sputtering time domain. This is done with an attempt to obtain a
complete picture of the temporal QD evolution in order to investigate the optimum
time range for QD formation. For short sputtering times, the QDs develop and grow
with increasing time. For long sputter times an increase in the uniformity and ordering
of the dots can be observed. The QD density and uniformity are found to be optimized
during QD saturation. After saturation, the surface pattern becomes significantly
disordered with fluctuations of ~28 nm and ~24 nm in dot height and base width
respectively. The transition between the stabilized saturation state and unstable post
saturation state exhibits notable deterioration in pattern uniformity, increase in surface
RMS roughness and reduction in dot density. A scaling law lc  t  that predicts and
connects experimental quantities and physical exponents is developed based on the
Family-Vicsek scaling relation and the Kardar, Parisi and Zhang (KPZ) equation. The
growth exponent  is extracted to interpret the temporal morphology evolution
behavior at different ion energies. Another significant finding is that the temporal
evolution of the QD characteristic wavelength lc ( lc  t  ), from the early stage
towards dot saturation, is shifted by ion energy according to the power law
dependence lc   2m . Based on the experimental results, we therefore propose a power
law model ( lc  t    2m ) to interpret the correlation between sputtering time and
energy as well as their impact on the evolution of lateral dot size. The sputtering time
and energy scaling model (the t   model) is proven to be in good agreement with
experimental data. This model provides two tuning parameters to researchers who are
interested in fabricating sputtering induced nanometer dots. Furthermore, the energy
ii
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consumption in the QD fabrication process can also be estimated and optimized using
the t   model.

In order to study the optical properties of sputtering induced QDs, we
propose a novel fabrication technique by combing ion sputtering and molecular beam
epitaxy (MBE) growth. In particular, GaAs/AlGaAs quantum dots (QDs) are
fabricated by this technique. Temperature (6.5 K to 78 K) and excitation power
density (0.49 Wcm-2 to 3.06 Wcm-2) dependent photoluminescence (PL) are presented
and discussed in detail. PL emission with 720 nm wavelength from the sputtering
induced GaAs/AlGaAs QDs is successfully achieved. The low temperature PL
emission at 720 nm is attributed to GaAs QDs with height of ~ 6.1 nm and base width
of ~ 23 nm. The excitation power dependent PL is performed in order to understand
the underlying causes of the PL quenching phenomena. The results suggest that
nonradiative recombination and Auger assisted recombination are found to be the
main quenching mechanisms at high temperature. With the understanding of the
nonradiative recombination mechanisms in the growth-sputter-regrowth (GSR) QDs,
the effects of rapid thermal annealing on the optical properties of GSR GaAs/AlGaAs
QD samples are investigated next. While improvement in the optical properties is
observed for all annealed QD samples, both PL intensity and spectral linewidth are
found to be optimized at 600 oC annealing temperature and 30 s annealing time. In
addition, the GaAs/AlGaAs QDs formed by the GSR technique undergo minimal
energy band structure modification and therefore negligible inter-diffusion. This is
consistent with the QD peak’s resistance to blueshift after annealing. The result

iii
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suggests that the reported fabrication technique is significant for applications that aim
to improve the radiative efficiency of GaAs/AlGaAs QDs by RTA without introducing
large undesirable blueshift.

Keywords: Ion sputtering, quantum dots, GaAs, photoluminescence (PL), molecular
beam epitaxy (MBE), rapid thermal annealing (RTA)
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Chapter 1

CHAPTER 1 INTRODUCTION
Not very long ago, ion sputtering was still an elusive option for the
majorities in the nanotechnology research community. It was believed to be a method
mainly applied to surface cleaning, dry etching, deposition, and surface layer analysis
etc. However, as what is going to be discussed in detail in this thesis, ion sputtering
technique is capable of producing nanostructures which possess scientific and
practical values, for example ripples (quantum well) and nanograins (quantum dots).
Indeed, being one of the earliest discoveries about the sputtering phenomenon, ripple
formation caused by energetic particle impingement has been widely discussed and
studied for decades [1-7]. It has been demonstrated that these periodic surface
elevations can be sculpted by off-normal ion beam bombardment. The underlining
physics can be well explained by the stochastic differential equation, which
incorporates the chaotic nature of sputtering activity to the formation mechanisms.
However, the other product of ion sputtering, the quantum dots (QDs), hasn’t caught
the attention of scientists only till recently when Facsko et al. demonstrated well
defined QDs formed on GaSb surface by ion bombardment [8]. This opened the way
for the formation of a regular array of quantum dots on large areas in a single
technological process step – ion sputtering. The QD formation phenomenon is
initiated by ion bombardment and its development process is in a self-organization
manner controlled by the sputtering conditions. In contrast to the traditional direct
patterning approach (lithographic method) and the Stranski-Krastanow growth mode
(molecular beam epitaxy and metal organic vapor phase epitaxy), ion sputtering is a
1
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time saving and cost effective alternative which can produce ordered coherent
nanoislands even on lattice matched systems (as will be introduced in later chapters).
It is therefore both scientifically and practically important to expand our
understanding so as to comprehend the sputtering induced QD phenomenon. This
thesis is devoted to studying the QDs created and modified by ion sputtering on a
semiconductor material platform, because of the remarkable research value and
significance.

1.1

Motivations and research gaps
Ever since ion sputtering was suggested to be a potential alternative solution

of surface structural construction in the nanometer scale, there has been increasing
effort and interest in the scientific community to study various aspects of this novel
nanostructure fabrication technique. Sputtering induced QD formation is a mix of
abstruse physical mechanisms and theories. Why do nanoscaled patterns appear on
sputtered semiconductor surfaces? What do the patterns look like under different
sputtering conditions? Are these different topographies governed by the same
underlying physical origin? Could there be a universally valid theory that explains all
those reported phenomena and helps us to achieve accurate prediction and
controllability in practice? What are the shortcomings of this technology? How can
people eventually benefit from and commercialize this technology? These questions,
although far from comprehensive, say best the complexity and uncertainty of this
burgeoning QD fabrication method. As this fabrication technique is still in its infancy,
there are still many important scientific issues ought to be investigated. Some of the
2
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key issues, or research gaps, are highlighted in this section. A clear understanding of
these research gaps is unequivocally necessary. The research gaps are the primary
motivations of this project and they outline the key objectives to be accomplished in
this research work.

1.1.1

Microscopic dynamics of sputtering induced QDs on compound
semiconductor materials
The technique of ion sputtering can be used to simultaneously control purity

and crystallinity of the nanodots with a relatively uniform size distribution and to
produce the structures efficiently in a large scale. There have been extensive efforts in
the form of experimental as well as theoretical studies devoted to studying the
fundamental mechanisms of sputtering induced nanostructures formed on surfaces of
metals [5,9] and group IV semiconductors [10,11]. Being one of the most studied
materials, Si nanoscale ripples and dots have been fabricated by a number of research
groups [11-16]. On the other hand, compound semiconductor QDs, which are
becoming the cornerstone in optoelectronic devices and systems [17,18], have only
received little attention in the field. Compound semiconductors, such as GaAs and InP,
are considered to be important materials for electronic and optical applications. The
GaAs/AlGaAs heterostructure is one of the most widely studied systems and an
important prototype in fundamental QD research. For such a reason, it is of great
significance and novelty to explore the QD formation process caused by ion sputtering
on a compound semiconductor platform. We chose this platform to be GaAs, because
GaAs is highly significant for fundamental surface topography studies and it is widely
3
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used in heterostructures, such as GaAs/AlGaAs, in fundamental quantum confinement
effect research. As what is going to be shown in this thesis, we will also propose a
novel fabrication technique by combining ion sputtering and molecular beam epitaxy
(MBE) to fabricate GaAs/AlGaAs QDs and shed light on the optical properties of
sputtering induced QDs. Furthermore, in the context of ion sputtering, GaAs has been
mostly investigated using considerably large ion energies (from 50 to 100 keV)
[19,20], which can cause substantial amount of nonradiative defects that are
deleterious to semiconductor device optical performance.

Figure 1-1 shows the GaAs(100) surfaces sputtered at 60 keV ion energy
[19]. The bombardment doses are (a) 1×1017 ions/cm2, (b) 2×1017 ions/cm2, (c) 5×1017
ions/cm2, (d) 7×1017 ions/cm2, (e) 1×1018 ions/cm2 and (f) 3×1018 ions/cm2. Such high
ion energy bombardment is very likely to damage the crystal structure and create
defects near the sample surface [21]. Furthermore, dots are observed to be present
along with ripples up to ion dose of 1×1018 ions/cm2. No predominance of either
structure, especially dots, can be achieved. The coexistence of dots and ripples make
the surface unlikely to become a candidate for optoelectronics due to the absence of
uniformity and periodicity.
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Evolution of topography on GaAs bombarded by 60 keV Ar+ at an
angle of 60o with respect to the surface normal. The sequence of AFM
picture shows the ion dose dependence of topography formation [19].

This is what motivates us to investigate low energy sputtering induced QDs
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on GaAs surfaces through experiment and theoretical modeling. By studying the
pioneering works done by Bradley and Harper [22], which was the first successful
theoretical approach to explain the ripple formation mechanism on an amorphous
material, we seek to explain how some of the key parameters (ion energy and
sputtering time) affect and control the QD evolution process.

1.1.2

Temporal evolution of sputtering induced QDs
An important step into the understanding of the QD formation process is the

study of sputtering time dependence of the QD size evolution. Time is believed to play
a critical role in the QD size development as well as the surface pattern uniformity and
periodicity. Existing studies on this temporal behavior are focused on verification of
the validity of the undamped Kuramoto-Sivashinsky (KS) equation which originates
from the Bradley Harper model [23]. However, being a continuum equation, the KS
equation cannot be solved in closed form which means it is unfeasible to compute
exact solutions. One classic approach to analyze the continuum equation is numerical
integration performed by Monte Carlo simulations. The simulation result has been
proven to be in good agreement with experiment data by Emmanuel et al. in their
study of the effect of sample rotation on sputtering induced nanostructures [24].
Because of the reliance on repeated computation of random or pseudo random
numbers, this numerical analysis is most suited to calculation by a computer. The
repeated random sampling to compute simulation results is usually tedious and energy
intensive, and it is a burden to researchers who lack the access to such computational
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tools.

Another powerful tool for understanding the behavior of various
nanostructure formation processes is scaling. Scaling is one of the modern concepts to
study various roughening processes, for example ripple formation initiated by ion
bombardment on Cu(110) surface [25]. However, in the context of sputtering induced
QDs, such scaling theories still remain a formidable task. This is what motivates us to
study the QD temporal evolution and develop a scaling law that predicts and connects
experimental quantities and physical exponents. In addition, the behavior of surface
morphology temporal evolution beyond the QD saturation state has eluded scientific
proof and discussion. A complete picture of the temporal QD evolution is needed in
order to investigate the optimum time range for QD formation.

1.1.3

Correlation between ion energy and sputtering time
The formation of self-ordered QDs on semiconductor surfaces during low

energy ion sputtering offers an attractive solution to large scale and cost effective
fabrication with nanometer precision. One of the key advantages of this fabrication
technique is its excellent controllability. Among the controlling parameters, ion energy
and sputtering time are the most prominent factors in controlling the QD size,
uniformity and periodicity [26]. The knowledge of ion energy and sputtering time is
not only important for the fabrication of highly regular structures but also for the
understanding of the limits in this technology. Current literatures mostly treat these
two factors independently by assuming one to be constant while studying the other.
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However, in reality, sputtering energy and time can be varied in synchronicity during
the fabrication process. These two quantities, which at first sight may appear to have
no connection between them, could behave in a correlated fashion. Will ion energy
affect the temporal evolution of QDs? Will the sputtering time play a role in the
energy dependent QD evolution? Or most importantly, in what way are these two
parameters correlated? These questions are still open for investigation.

Because the correlation between sputtering time and energy has received
little attention in the field, and it is of great significance to probe this correlation, we
are motivated to investigate how the temporal and energy dependent QD evolutions
are inter-connected. We need to understand how they affect each other in order to best
control the fabrication of sputtering induced QDs.

1.1.4

Optical properties of sputtering induced QDs
Semiconductor nanostructures form the building block of future electronics.

Electronic confinement in quantum dots promises increased performance in specific
memory and optoelectronic components. The high uniformity and the regular long
range ordering of the QDs on semiconductor surfaces induced by ion sputtering
provide the possibility for fabricating optoelectronic devices in a more efficient and
cost effective way. The formation of QDs by ion sputtering of an epitaxial III-V
semiconductor layer grown on a higher bandgap material by MBE opens the way to
create isolated dots with a three dimensional confinement. It is therefore critical to
carry out experimental and theoretical studies to unfold the optical properties of
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sputtering induced QDs. However, such investigations in the literature are small in
number. Little effort has been made to explore the optical performance of ion induced
QDs.

Among the limited available publications, photoluminescence (PL) of
sputtering induced GaSb/AlSb QDs has been investigated at low temperature [8]. The
GaSb QDs on AlSb were produced by sputtering a 500 nm thick GaSb layer down to
the interface. The PL peak of the GaSb dots measured at 15 K was found to blueshift
by ~300 meV as compared with the GaSb band edge luminescence (figure 1-2). It is
believed that the blueshift is attributed to the quantum confinement in the GaSb dots.
However the PL spectrum of QDs exhibits weak intensity and large linewidth
broadening. Such PL performance makes it difficult for sputtering induced QDs to be
applied in optoelectronics.
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Figure 1-2

The low temperature (15 K) photoluminescence spectrum (in arbitrary
units) of GaSb dots on an AlSb substrate shows a broad, weak
spectrum. The solid line is the photoluminescence (PL) of the dots
scaled up by a factor of 50 relative to the GaSb bulk spectrum, which is
drawn as a dashed line [8].

It is what motivates us to study the optical properties of sputtering induced
QDs. A detailed study of the photoluminescence performance is important to
understand the optical behavior of the QDs as well as to shed light on the nonradiative
recombination mechanisms in order to improve the PL quenching effect.

1.1.5

Effect of thermal annealing on sputtering induced QDs
It has been discussed in the previous section that improvement in the QDs’

optical properties is of great importance. Improvement in the PL signal can eventually
lead to the room temperature emission, hence the fabrication of a workable device, e.g.
QD laser. With respect to the potential of ion sputtering for QD device fabrication, ion
induced defects have to be considered. These defects are sources of nonradiative
recombination therefore strongly deteriorate the optical and electrical properties of the
QDs. They must be reduced before devices can be fabricated. However, such
investigations have eluded the attention of scientists in the field.

One possible solution is rapid thermal annealing (RTA). Improvement in the
optical properties of the QDs following RTA has been widely studied and reported
[27-32]. However, most work were based on the lattice mismatched In(Ga)As/GaAs
10

Chapter 1

QD systems. Till now, there are only a handful of publications discussing the effects
of RTA on the optical properties of GaAs/AlGaAs QDs. Existing works focus
primarily on GaAs/AlGaAs QDs formed by modified droplet epitaxy (MDE) [33-35].
Therefore, there is a need to investigate the effects of RTA on the optical properties of
the GaAs/AlGaAs QDs.

Regarding the optical properties of sputtering induced QDs, we are
motivated by the above issues to study how thermal annealing affects the PL
performance. This will help further the understanding of various mechanisms which
are responsible for the PL quenching and probe the optimal annealing condition for
sputtering induced QDs.

1.2

Objectives and major contributions
The facts stated in section 1.1 drive us to carry out systematic experimental

and theoretical studies on nanostructures formed by ion sputtering. Our objective in
this project is to make breakthroughs in the research gaps such as microscopic
dynamics of sputtering induced QDs, temporal evolution of sputtering induced QDs,
correlation between ion energy and sputtering time, optical properties of sputtering
induced QDs, and improvement in the optical performance by the means of rapid
thermal annealing on sputtering induced QD. Details of the objectives and our major
contributions are summarized below.

1.2.1

Study of the microscopic dynamics of sputtering induced QDs on
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compound semiconductor materials
Our objective is to study the microscopic dynamics of the QD evolution
initiated by low ion energy sputtering on a compound semiconductor platform. The
Ar+ sputtering induced GaAs(100) surface morphology evolution below 1200 eV ion
energy is therefore investigated. It has been found that in the low eV energy range, no
regular surface patterns are observed. Above the mid eV energy, typically 600 eV in
this series of experiment, dot like islands together with irregularities starts to develop
and grow with increasing ion energy. QDs with considerably high uniformity and
regularity can be fabricated at ion energies around 1000 eV. The measured dot
characteristic wavelength exhibits a power law dependence on the sputtering energy.
The power law exponent m has been graphically determined to be 0.39. This value is
theoretically reasonable because according to Sigmund’s sputtering theory [36], factor
m is typically around 1/3 in the lower eV and upper keV range. Our result suggests
that GaAs QDs formed at low ion energy is primarily controlled by ion energy. Ion
beam flux and substrate temperature play a less dominant role in the QD formation
process. Our study has proven the feasibility to fabricate GaAs QDs using low energy
ion sputtering, and this fabrication process can be well controlled by the energy
dependent QD formation model.

1.2.2

Investigation of the temporal evolution of sputtering induced QDs
In order to fully understand different characteristics of the sputtering induced

QDs at different sputtering times, we have performed a detailed study of the temporal
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evolution of the GaAs QDs formed at low sputtering energy. We have discovered for
the first time in the field the characteristics of QD evolution at very long sputtering
times, or the post saturation regime. The surface topography does not stay saturated
indefinitely but continue to develop after the saturation regime. A significant finding
is that the QD density and uniformity are optimized during QD saturation, which is
suitable for future device fabrications. The transition between the stabilized saturation
state and unstable post saturation state was studied and highlighted by several
quantities; most notably there was significant deterioration in pattern uniformity,
increase in surface RMS roughness and reduction in dot density. A scaling theory is
proposed to interpret the temporal development of QD lateral size. This model is
significant for predicting and controlling the QD formation process in the sputtering
time domain.

1.2.3

Discovery of the correlation between ion energy and sputtering time
In order to study the correlation between ion energy and sputtering time, the

GaAs substrate has been sputtered at different energies and times. The temporal
evolution characteristics of dots have been found to be reproducible at different ion
energies according to a power law dependence on ion energy. This is to say the
temporal development of the QD lateral size can be shifted by ion energy, and vice
versa. In other words, it takes longer time for smaller energies to achieve the same QD
size formed at higher energies. This leads us to the proposal of a scaling model that
considers both sputtering time and energy to predict the QD formation. The sputtering
time and energy scaling theory (or the t   model) is significant in the sense that it
13
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provides two tuning parameters to researchers who are interested in fabricating
sputtering induced nanometer dots. Furthermore, the energy consumption in the QD
fabrication process can also be estimated and optimized using the t   model. For a
given beam current I, to obtain a certain QD lateral size, high beam voltage which
needs shorter sputtering time consumes less energy as compared to low beam voltage
which requires much longer sputtering time to sputter. In addition, shorter sputtering
time will also mean reduction in the fabrication period; hence there is additional
benefit in terms of production throughput. The t   model therefore helps to make
the sputtering induced QD fabrication process less time consuming and more cost
effective.

1.2.4

Understanding of the optical properties of sputtering induced QDs
We have proposed a novel fabrication technique by combing ion sputtering

and MBE growth in the study of optical properties of sputtering induced QDs. It is
named growth-sputter-regrowth or the GSR technique. GaAs/AlGaAs quantum dots
are fabricated by low energy ion beam sputtering and MBE regrowth. Temperature
(6.5 K to 78 K) and excitation power density (0.49 Wcm-2 to 3.06 Wcm-2) dependent
PL are investigated for the first time in the field. The low temperature PL emission at
720 nm is attributed to GaAs QDs with height of ~ 6.1 nm and base width of ~ 23 nm,
based on quantum box model with infinite potential barrier. The calculated QD
dimensions are in good agreement with that obtained from the atomic force
microscopy (AFM) analysis. The PL quenching effect is also studied. Nonradiative
recombination and Auger assisted recombination are found to be the main quenching
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mechanisms at high temperature.

1.2.5

Improvement of the optical properties by means of rapid thermal
annealing of sputtering induced QDs
The objective here is to improve the optical properties of the QDs fabricated

by the GSR technique. Rapid thermal annealing of GaAs/AlGaAs QDs formed by ion
sputtering and MBE growth is therefore investigated and characterized. While
improvement in the optical properties is observed for all annealed QD samples, both
PL intensity and spectral linewidth are found to be optimized at 600 oC annealing
temperature and 30 s annealing time. Two activation energies, E1 = 6.2 + 0.9 meV and
E2 = 37.5 + 2.5 meV, are extracted from the temperature dependent PL of the
optimized sample. Since E2, which is responsible for the PL quenching at higher
temperature, is comparable to that of the as-grown sample, the GaAs/AlGaAs QDs
formed by the GSR technique undergoes minimum energy band structure modification
and therefore negligible inter-diffusion. This is consistent with the QD peak’s
resistance to blueshift after annealing. The result suggests that the GSR fabrication
technique is significant for applications that aim to improve the radiative efficiency of
GaAs/AlGaAs QDs by RTA without introducing large undesirable blueshift.

1.3

Organization of thesis
The first chapter introduces current research gaps in the field and the

motivations for the research works performed in this thesis. The research objectives,
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major contributions and the organization of the thesis are presented in this chapter as
well. Chapter 2 consists of the experimental background, in which the principle of ion
sputtering together with equipment and characterization tools is introduced. Chapter 3
explains the ripple formation process induced by off-normal ion sputtering. The
Bradley and Harper (BH) model discussed is the foundation of many theoretical works
on sputtering induced quantum dots. Its prediction of the ripple characteristic
wavelength can be utilized to explain the QD size evolution by employing the
isotropic Kuramoto-Sivashinsky (KS) continuum equation. Chapter 4 focuses on the
study of microscopic dynamics of the semiconductor surface under ion impingement.
It presents a detailed study of the surface morphological change due to different ion
energy. A power law equation is proposed to explain the surface development process.
Chapter 5 concerns a different category of the sputtering kinetics, in which the effect
of sputtering time is emphasized. A model that considers both sputtering time and
energy is also developed in detail in this chapter. Following this, the optical properties
of sputtering induced QDs are discussed in chapter 6. The QD structure which is
fabricated by combining ion sputtering and MBE growth is also proposed in this
chapter. Chapter 7 presents the study of the effect of rapid thermal annealing on
sputtering induced QDs. The quenching mechanisms are discussed based on the
photoluminescence spectrum. The optimum annealing condition is suggested. Finally,
the conclusions of the thesis and recommendations for future research works are
presented in chapter 8.
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CHAPTER 2

EXPERIMENTAL BACKGROUND

This chapter introduces the experimental background of the project. The key
features of the ion sputtering system and the main post sputtering characterization
techniques are described. This chapter also helps readers to understand the design of
the experiments, e.g. the selection and control of the experimental parameters, as well
as the data analysis techniques which will be presented in later chapters.

2.1

Principles and control of ion beam sputtering

2.1.1

A brief introduction to ion beam sputtering phenomena
The interaction of an energetic ion with a solid involves a number of

different processes. Depending on the energy of the incident ion, this interaction can
be divided into three categories:

a)

Implantation – the ion penetrates into and rests deep inside the solid substrate.

b)

Sputtering – the ion ejects a number of surface atoms and rests near the solid
surface.

c)

Deposition – the ion resides on the surface with a very low probability of
ejecting surface atoms.

In each of the above three scenarios, the ion transfers its kinetic and potential
energy to the substrate lattice atoms. The ejection of atoms, ions, electrons and
photons, and the displacement of atoms are the major processes involved in the energy
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transfer process. Many of these processes are utilized in materials preparation,
fabrication, and analysis of an unknown substance by monitoring the interaction
between the known incident ion and the unknown target.

Sputtering was first observed in 1852 by Grove in a dc gas discharge tube.
He discovered that the cathode surface of the discharge tube was sputtered by
energetic ions in the gas discharge, and cathode materials were deposited on the inner
wall of the discharge tube. At that time, sputtering was regarded as an undesired
phenomenon since the cathode and grid in the gas discharge tube were destroyed.
Today, however, sputtering is widely studied and used for surface cleaning and
etching, thin film deposition, surface layer analysis, and micro or nanofabrication.
Two theoretical models were originally proposed for sputtering:

a)

The thermal vaporization theory – the surface of the target is heated enough
to be vaporized due to the bombardment of energetic ions.

b)

The momentum transfer theory – surface atoms of the target are emitted
when kinetic moments of incident particles are transferred to target surface
atoms.

At present, sputtering is believed to be caused by a collision cascade in the
surface layers of a solid. As shown in figure 2-1, a sputtering event is initiated by the
first collision between incident ions and target surface atoms, followed by the second
and third collisions between the target surface atoms. The displacement of target
surface atoms will eventually be more isotropic due to successive collisions, and
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atoms may finally escape from the surface. The sputtering process is mainly
influenced by energy of incident particles, target materials, incident angles of particles,
and crystal structure of the target surface.

Target Surface

Target Atom
Incident Ion

Sputter Particle

Figure 2-1

Collision mechanism in a sputtering event.

The sputtering process can be categorized by three different energy regimes
of the incident ions: a) threshold region (< 100 eV), b) low energy region (100 eV –
10 keV), and c) high energy region (10 – 60 keV). Among the three ion energy ranges,
the low energy ion beam sputtering is known to have inherently superior beam
characteristics. Its advantages include beam controllability, beam uniformity and
purity, beam directionality, and the precise monitoring of beam dose. In the context of
this project, low energy ion beam sputtering is applied to create and modify
nanostructures on semiconductor materials.

19

CHAPTER 2

2.1.2

Vacuum system
The vacuum level in an ion sputtering system is of great importance, as it is

related to some of the crucial qualities in the sputtering process. These include mean
free path of the energetic ions, gas discharge voltage, and integrity of the features
induced by sputtering. The low energy ion beam sputtering system used in this project
is installed in a process chamber, as shown in figure 2-2. High vacuum level in the
sputtering process chamber is maintained by an ion pump and a turbo pump, which
keeps the background pressure below 1×10–8 torr on standby and below 4×10–4 torr
when the system is in operation. This vacuum range has shown promising results in
our everyday research activities in terms of stability, quality and reproducibility.

MBE
Chamber

Transfer Chamber

Sputtering
Process
Chamber

Figure 2-2

Load
Lock

Turbo
Pump

Schematic of the ion beam sputtering vacuum system.

The sample to be sputtered usually enters the vacuum system from the load
lock. Once the load lock pressure is pumped down to typically 1×10–8 torr, it is
transferred to the sputtering process chamber through the transfer chamber. A
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molecular beam epitaxy (MBE) growth chamber is also connected to the vacuum
system. This enables us to fabricate heterostructures, such as GaAs/AlGaAs QDs, by
ion sputtering and subsequent MBE regrowth. Since the MBE and sputtering process
chambers are internally connected as one complete unit, this fabrication is performed
with minimal contamination and oxidation to the ion sputtered sample surface.

2.1.3

Ion beam sputtering system
The highlight of this project is the ion beam sputtering system, in which most

experimental effort and time have been spent. Basically the ion beam sputtering
system is for the delivery of ionized particles from the ion source to the substrate in a
controlled manner, such as controlled ion energy and ionized particle quantity (flux).
The system assembly configuration is shown in figure 2-3, which describes the key
components in the ion beam sputtering system. The ion beam source, from which
incident ions are generated, is connected to the orifice of the sputtering process
chamber. The chamber pressure is measured by a Penning gauge shown in the figure.
The vacuum level is maintained below 4 × 10-4 torr during operation by a turbo pump.
This condition is much better than what is required by the ion source operation
specifications; hence the system is capable of generating high quality plasma. In the
interior of the process chamber, a molybdenum (Mo) substrate holder is installed and
oriented in line with the trajectory of the ion beam. As the holder is 180o rotatable, the
incident ion beam can strike the substrate at normal or oblique angle. The substrate
temperature is measured by a thermocouple located at the back of the substrate holder
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and by projecting an optical pyrometer in line of sight to the substrate surface.

Gas Inlet

Ion Beam
Source

Gate
Valve
Penning
Gauge
Ion Beam

Sample
Holder
(Manipulator)
Sputtering
Process Chamber

Figure 2-3

Schematic of the ion beam sputtering system.

The ionization method employed in the ion source is called electron impact
mechanism. As shown in figure 2-4, argon gas is introduced into the upstream end of
the ion source through the hollow cathode gas feed tube. When starting the discharge
process, the initial electron emission from the cathode is enhanced by having all
surrounding surfaces at the anode potential. As the electron emission rises towards
operating levels, the voltage drops across the starting resistor and approaches the
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anode-cathode potential difference (the discharge voltage). Electrons emitted from the
cathode helical tungsten filament initiates the ionization by colliding with neutral
argon species. The magnetic field from the pole pieces forces the electrons to follow
lengthy paths before reaching the anode. This path length increases the probability of
ionizing collisions with gas atoms in the chamber. The primary and secondary
electrons produced during collision are subsequently collected by the anode, giving a
discharge current. Ionized argon atoms (Ar+ ions) now experience an electric field and
undergo an acceleration process until they reach the predefined energy level, which is
controlled by the beam voltage.
Heat Shield

Accelerator Grids

Anode

Neutralizer
Filament

Gas Inlet
Cathode Filament
Cathode
Voltage

Ar+

Ar+

Electron
Source
Discharge Current

–

+

Discharge Voltage

Figure 2-4

Ar

+

Target
Substrate

–

Beam Voltage

– +
Acceleration Voltage

Schematic drawing of the ion source working principle.

When the ions produced in the discharge reach the two grids, they are
focused by the positive screen grid and accelerated through the apertures in the
negative accelerator grid. The accelerated ions form the directed beam of energetic
ions. The accelerator system also acts as a gas baffle so that for moderate flow rates
23

CHAPTER 2

the ion source’s internal pressure is high enough to sustain a stable plasma discharge.
As a result, the ion source is relatively insensitive to operating background pressure.
Ar+ ions then capture and recombine with electrons while passing through the
neutralizer filament (helical tungsten filament). During neutralization, the accelerator
grids act as a barrier to electrons coming from the neutralizer to prevent electron back
streaming. The neutralized Ar atoms have advantages in beam convergence and are
ready to sputter the target. The level of beam current (flux) at a given set of
parameters is determined by the summation of the beam voltage and accelerator
voltage. The ion source is cooled by conduction through its mechanical mounting and
by radiation to its surroundings. Hence supply of cooling water is not required.

The operation of the ion beam source to form nanostructures includes
controlling the background pressure, ion beam incident angle, ion beam current (or
beam flux), ion beam voltage (or ion energy), sputtering duration, and substrate
temperature. They determine most of the key qualities of the sputtering created surface
feature, such as topography, feature size, feature density, and feature uniformity. This
is summarized in Table 2-1. Among these controlling parameters, ion beam incident
angle, voltage and sputtering duration are dominant in most experimental conditions,
especially during the operation at low temperature (-60 oC to above 100 oC) and small
sputtering energy (below several keV). Under these conditions the surface diffusion
process is governed by ion bombardment rather than thermal energy. Surface
morphological evolution is relatively independent of ion beam current and substrate
temperature.
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Table 2-1

Summary of controllable parameters in ion beam sputtering.

Parameters

Controlled factors

Background pressure

Surface feature purity

Ion beam incident angle

Surface feature topography

Ion beam current

Surface feature size
Surface feature size, density and
amorphization
Surface feature uniformity, size and
density

Ion beam voltage
Sputtering duration
Substrate temperature

2.1.4

Surface feature size

Repeatability of ion sputtering conditions
Fabrication of nanostructures using ion beam sputtering is a delicate process

which requires excellent control of various experimental parameters in order to
achieve consistent and repeatable result. For instance, the ion beam incident angle
needs to be carefully calibrated otherwise the surface feature orientation and
periodicity will be affected. In the worst situation, a miscalibrated beam angle could
lead to ripple formation instead of QDs.

Repeatability of ion sputtering conditions can be achieved by several crucial
means. They include alignment of the accelerator grids, calibration of beam angle,
monitoring of discharge voltage and current, outgas of cathode and neutralizer, and
stabilization of beam voltage, current and background pressure. All these efforts aim
to serve one common goal – ion beam optimization. The two accelerator grids need to
be perfectly aligned or sometimes even coated to minimize ion beam divergence and
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reduce contamination in the nanostructures formed. Proper discharge voltage needs to
be selected to avoid double ionization of the gas species. The discharge voltage should
be set at or below the third ionization potential of the working gas (for argon this
would be 40.7 volts). The cathode and neutralizer are usually recommended to
undergo a slow power ramp up when a new filament is installed. However, according
to our experience, this outgassing effort needs to be done before every fabrication
process to eliminate problems associated with oxidation and contamination. Figure 2-5
shows the procedure for cathode and neutralizer filament outgassing. This step is
important to the ion beam stabilization process.

Do not supply argon gas
Increase “cathode filament current”
Increase “neutralizer current”
One should be able to observe a corresponding
increase in the chamber pressure.
Pressure still increases?

Yes

No
Reduce “cathode filament current”
Corresponding decrease in the chamber pressure will
indicate a successful outgassing.
If not, start again with the same procedure.

Figure 2-5

Procedure for cathode and neutralizer filament outgassing.

The substrate holder (manipulator) is usually rotated to turn its back to the
ion beam while the system is stabilizing. Therefore the substrate surface is not
exposed to any ion bombardment during system calibration and filament outgassing.
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Once the ion beam is stabilized and optimized, the substrate surface is rotated to a predefined angle to start sputtering. Hence the nanostructures can be formed in a stable
and consistent manner. Insulators in the accelerator and interior of the discharge tube
are also cleaned on a regular basis. This helps to avoid current leakage at high beam
voltages. Furthermore, after sputtering, the sample surface is evaluated by atomic
force microscopy (AFM). This is to ensure the consistency and repeatability of the
sputtering conditions.

2.2

Solid source molecular beam epitaxy
Solid source molecular beam epitaxy (SSMBE) is an advanced crystal

fabrication technique for the growth of solid films for electronic and optoelectronic
devices [37,38]. In this project, a large amount of effort is put to investigate the optical
properties of sputtering induced QDs. This investigation is based on the growthsputter-regrowth (GSR) process proposed by us. The GSR technique is attractive due
to the ease of obtaining QDs with high areal density.

The main components of the MBE growth chamber are shown in figure 2-6.
In the SSMBE system, source materials are heated to produce evaporated beams of
molecules and atoms. These source molecules and atoms travel through an ultra high
vacuum to a heated crystalline substrate where they mimic the arrangement of the
substrate atoms to form a new layer. Thus, the epitaxial layer (epilayer) inherits the
same crystal structure and orientation as the substrate. The main advantages of this
technique are high controllability and capability of making good crystalline quality
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films. These advantages are due to the very low deposition rate (monolayer per second)
and the low deposition temperature that minimizes auto doping.

RHEED gun

Effusion cell
of Si

Quadrupole mass
spectrometer
View-port

Effusion cell
of Be

RF nitrogen
plasma source

IR pyrometer
Valved cracker
cell of As
Effusion cell
of In
Effusion cell
of Ge

Figure 2-6

Gas Source
CBr4
Effusion cell
of Al
Fluorescent
Screen

Flux gauge

Substrate
holder

Schematic of the MBE growth chamber.

Control of the MBE process involves controlling the vacuum condition of
the growth environment, the beam flux of the source material, and the temperature of
the substrate. The ultra high vacuum level in the growth chamber is maintained by an
ion pump and a liquid nitrogen cooled shroud. During the growth process, the
background pressure is typically around 10-5 to 10-6 torr depending on the amount of
evaporated sources. Such a low pressure eliminates molecular collision. Thus, the term
"molecular beam" in MBE means that the evaporated molecules do not interact with
each other or the residual gases in the vacuum chamber until they reach the substrate.
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The beam flux is controlled by varying the cell temperature and valve
opening. A shutter is positioned in front of each cell. The flux is measured in torr, i.e.
beam equivalent pressure (BEP), by a flux gauge located near the sample (see figure
2-6). The solid sources in the effusion cells are independently heated until the desired
fluxes are achieved. The temperature of the effusion cells is accurately controlled. A
temperature change of 0.5 ºC leads to flux variation of one percent. For group III
elements and solid source elements like In, Ga, Be, and Si, the beam flux is
completely controlled by varying the effusion cell temperature. Group V elements
such as As and Sb evaporate as big molecules (As4 and Sb4) if standard effusion cells
are used. The incorporation of group V molecules into the lattice can be significantly
improved if they are cracked into smaller molecules (As2, As1, Sb2, Sb1), which
undergo simpler incorporation mechanisms. Thus, valved cracker cells are preferred
for group V elements. A cracker cell has two zones: a low temperature reservoir zone
to evaporate the molecules and a high temperature cracking zone to crack the
molecules. In addition, there is a needle valve at the end of the cracker cell to precisely
control the flux.

In general, the growth can be terminated with a group III element on the
growth surface (cation stabilized condition) or with a group V element (anion
stabilized condition) depending on the ratio of group III element flux to group V
element flux and the substrate temperature. The growth is more favorable under the
anion stabilized condition, which provides a more stable structure and better surface
morphology than the cation stabilized condition. Under the preferred anion stabilized
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condition, the growth rate is determined by the flux of the group III element.

2.3

Characterization Techniques
After sputtering, the nanostructure formed is characterized by physical and

optical measurement. Atomic force microscopy (AFM) and photoluminescence (PL)
are the most commonly used characterization techniques.

2.3.1

Atomic force microscopy investigation
In order to understand the mechanism of sputtering induced nanostructure

formation and development, a characterization technique is needed to provide
adequate and reliable data to explain the three dimensional features of nanostructure
evolution. Atomic force microscopy (AFM) offers nearly atomic resolution
topological images with quantitative 3D information, making AFM the ideal tool for
studying nanostructure formation and development. The high resolution capability of
AFM provides quantitative information of height, base width, spacing between
nanostructures, and surface root mean square (RMS) roughness, thus enabling us to
quantitatively investigate the mechanism of sputtering induced nanostructure
formation. One of the advantages of AFM is that it gives atomic resolution images of
both conductive and nonconductive materials. Therefore conductive coating of the
substrate surface is unnecessary.
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Principle of Atomic Force Microscopy.

Contact and tapping modes are the two most commonly used operation
modes in AFM measurement. In contact AFM, the tip is in perpetual contact with the
sample. The tip is attached to the end of a cantilever with low spring constant (figure
2-7). As the scanner gently traces the tip across the sample surface the contact force
causes the cantilever to bend and the Z feedback loop works to maintain a constant
cantilever deflection. Tapping mode AFM, the most commonly used of all AFM
modes, maps topography by lightly tapping the surface with an oscillating probe tip.
The cantilever’s oscillation amplitude changes with sample surface topography, and
its image is obtained by monitoring these changes and closing the z feedback loop to
minimize them.

The tapping mode is widely applied in this project, as it overcomes some of
the limitations of both contact and non-contact AFM. By eliminating lateral forces that
can damage soft samples and reduce image resolution, tapping mode allows routine
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imaging of samples once considered impossible to image with AFM, especially in
contact mode. Another major advantage of tapping mode is related to limitations that
can arise due to the thin layer of liquid that forms on most sample surfaces in an
ambient imaging environment, i.e., in air or some other gases. The amplitude of the
cantilever oscillation in tapping mode is typically of the order of a few 10’s of
nanometers, which ensures that the tip does not get stuck in this liquid layer. The
amplitude used in non-contact AFM is much smaller, as different forces are being
measured. As a result, the non-contact tip often gets stuck in the liquid layer unless the
scan is performed at a very slow speed. In general, tapping mode is much more
effective than non-contact AFM for imaging larger scan sizes that may include large
variations in sample topography. Tapping mode can be performed in gases, liquids,
and some vacuum environments.

When measuring vertical and lateral size of densely packed raised features
using AFM, the images obtained can sometimes represent a convolution of the tip and
the feature, with the measured lateral lengths overestimated and the heights
underestimated. This leads to inaccuracy in the data especially when the AFM tip
radius is large compared to the size of the surface features being investigated. We
have developed a series of experimental steps, over the years, to minimize the
convolution effect and obtain reliable size information from the analysis of AFM
measurement. The convolution effect can be greatly reduced by using hard and sharp
tip in the AFM measurement. There has been great effort made by Xu et al. to
investigate the effect of different AFM tips on QD structure measurement [39]. The
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analysis suggests the reported closely packed QDs can be detected satisfactorily when
the tip radius is less than 5 nm, because it can penetrate sufficiently between the dots.
Similar tip configuration has also been widely used by Facsko and Bobek [40]. We
have performed our own study based on three types of AFM tips: 1) Silicon nitride
probe with tip radius of curvature less than 10 nm; 2) silicon probe with guaranteed tip
radius of curvature less than 5 nm; 3) super sharp silicon probe with 2 nm typical
radius of curvature and 5 nm guaranteed radius of curvature, and opening angle less
than 10o (figure 2-8). Our result suggests that the third tip, which was eventually
selected to be used in this project, could give consistent result. In addition, when we
use this tip to scan a QD sample, normally a tip check artifact is used to characterize
the tip apex and sharpness to make sure only tips with the best quality are selected.

Figure 2-8

Image of super sharp silicon AFM probe. The inset shows its high
aspect ratio apex.

Two types of software are used in our AFM image analysis. One is called
Nanoscope Control which was provided by Digital Instrument, the other is called
Scanning Probe Image Processor (SPIP). We use the Tip Characterization function
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performed by SPIP together with the tip specifications to evaluate our AFM tips and
deconvolute the image. The working principle of this method is similar to the tip
characterization process described by Villarrubia [41] and Williams [42]. Essentially,
it can calculate an uncertainty map showing the regions on the sample surface that
have not been reached by the apex of the AFM tip, and deconvolute those regions. The
certainty area is above 90% for the majority of our AFM images, indicating high
accuracy in particle size measurement.

Additional effort has been made to further minimize the convolution effect.
Figure 2-9 is an example to illustrate one typical cross sectional view of a QD before
(a) and after (b) deconvolution. While measuring the height and base width shown in
figure 2-9(a), we look for the less convoluted side and treat h1 and 2r as the QD height
and base width, respectively. This approach is effective to minimize the convolution
effect. A comparison is also made in the more “severely” convoluted regions, which
can be learnt from the uncertainty map. If the size change after deconvolution exceeds
2 nm in height and 5 nm in base width, this particular data will not be used in
subsequent analysis.

(a)

(b)

h1

h2

r

Figure 2-9

w

Illustration of a QD (a) before and (b) after deconvolution.
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Our third tool to obtain the most accurate QD size information is
photoluminescence. We use PL to confirm if the measured QD size is reliable by
running a control experiment. The measurement is considered accurate only when the
PL spectrum peak and the measured QD size are in agreement. There are other useful
techniques which also help to reduce the convolution effect and other artifacts. For
example, we sometimes use fairly large amplitudes and drive the AFM tip using a
frequency that is slightly less than the resonance frequency to encourage repulsive
mode imaging. All these efforts contribute to reducing the errors in our AFM
measurement.

2.3.2

Photoluminescence
Photoluminescence (PL) is one of the many standard available techniques for

material and optical characterization of semiconductor layers. In the case of quantum
well (QW) and quantum dot (QD) structures, it involves the absorption of a photon in
the high band gap material to create an electron hole pair. The electron and hole then
thermalize and diffuse into the low band gap semiconductor where they recombine to
produce the photon characteristics of the QW and QD. At high excitation levels, i.e.
photopumping, population inversion can be created and lasing can take place. One of
the advantages of photopumping is that the light emission properties can be studied
without the complication of a PN junction for carrier injection.

PL is the optical radiation emitted by a physical system resulting from
excitation to a nonequilibrium state by irradiation with light. When a laser beam is
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focused on semiconductor materials, three processes can be observed: (i) creation of
electron hole pairs by absorption of the excitation photon; (ii) radiative recombination
of electron hole pairs; and (iii) escape of the recombination radiation from the
semiconductor materials.

Radiative transition can be divided into two broad categories. One is known
as intrinsic transition, since this type of recombination occurs even in intrinsic
semiconductors via conduction band to valence band recombination. The other is
known as extrinsic transition, which is caused by the addition of impurities to the
semiconductor. Impurities in the semiconductor introduce energy levels in the
forbidden energy bandgap. Charge carriers can reside in these energy levels within the
bandgap. Recombination of carriers can occur between the impurity energy levels and
the conduction and valence bands. Both the intrinsic and extrinsic recombination
processes are illustrated in figure 2-10.

Conduction Band
Donor Level
Trap

Acceptor Level
Valence Band

Extrinsic
Recombination

Intrinsic
Recombination

Figure 2-10

Various recombination processes in semiconductors.
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During the photoluminescence transition, various types of photons and
phonons can be released or absorbed in addition to the emitted photon. This can
contribute

to

additional

structure

broadening

in

the

PL

spectrum.

The

photoluminescence line spectrum can also be broadened due to the kinetic energy of
free carriers or excitons participating in the transition.

A light source with energy greater than the bandgap of the semiconductor is
needed in order to conduct PL measurement. A photoluminescence system consists of
equipment which is capable of collecting, dispersing and detecting the luminescence
signal from the sample. The PL system used in this project is shown in figure 2-11.

Chopper

Lens
Mirror

N.D.
Filter

Ar Ion
Laser

Sample

Lock-in
Amplifier

Computer

PreAmplifier

Laser Line
Filter

Detector

Figure 2-11

Spectrometer

Schematic of the photoluminescence measurement system.
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The 514.5 nm line from an Ar ion laser provides the excitation beam. The
excitation intensity can be varied by the calibrated neutral density (N.D.) filters.
Samples are usually mounted onto a cold head which is part of a closed cycle
refrigeration system. The sample temperature during PL measurement can be precisely
set from 4 K to room temperature. The PL signal from the sample is focused on to the
entrance slit of a 0.75 m grating monochromator with two off-axial parabolic mirrors.
These mirrors are used to replace the more conventional lenses in order to avoid
complications in the measurements resulting from changes in the focal length of the
lenses. The dispersed light is detected by either a GaAs detector ranging from 0.55 to
0.95 µm or a Ge detector ranging from 0.8 to 1.7 µm. The Ge detector is cooled to ~77
K by liquid nitrogen. Lock-in amplification techniques are adopted for the detection of
the signal. The energy resolution of the system is ~0.1 meV.
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CHAPTER 3

A BRIEF INTRODUCTION TO SPUTTERING–
INDUCED SURFACE MORPHOLOGICAL
EVOLUTION

In this chapter, theories on how micro and nanofeatures are created by low
energy sputtering (typically below several keV) will be elaborated. Sputtering induced
ripple topography will be discussed first as an introduction. QD evolution under ion
sputtering shall be explained later based on the existing ripple formation model.

3.1

Ripple topography induced by ion sputtering
Off-normal angle of incidence ion bombardment often produces periodic

height modulations on the surface of solids as shown in figure 3-1 [3,43]. Formation
of these ripples could be problematic in a variety of applications, e.g. in ion polishing
or milling. On the other hand, off-normal incidence ion bombardment may prove to be
an inexpensive and simple way of making diffraction gratings, since the ripples can
have wavelengths comparable to visible light [44]. It is therefore of considerable
practical interest to understand the control of ripple formation.
Ion beam

Substrate
Figure 3-1

Sputtering induced ripple formation.
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Early discussions of the phenomenon suggested an analogy with the ripple
structures formed when air or water flows over a sand bed. However subsequent work
has shown that any hydrodynamical flow effects can safely be neglected [45,46]. A
much better analogy is found in the sandblasting of solids [46]. When a solid surface
is eroded by a stream of abrasive particles at off-normal incidence, a regular ripple
pattern is created with wave vector parallel to the surface component of the incident
stream. Another theory based on Sigmund’s surface microroughening [47] proposed
by Bradley and Harper (the BH model) has been almost universally accepted
nowadays. Its predictions are in good agreement with experiment.

3.2

The Bradley and Harper Model: Surface erosion
velocity and sputtering yield
The sputtering phenomena have been widely studied by Sigmund since the

60s in the last century [36,48-51]. A lot of his pioneering work in sputtering theory
has since been frequently used as a reference standard in experimental research [5255]. Based on the surface microroughening mechanism proposed by Sigmund [47],
Bradley and Harper established a theoretical model explaining the origin of periodic
ripple topography formed by off-normal ion beam bombardment [44]. This BH model
will be introduced in this section because it is the root of QD formation caused by ion
sputtering.

The sputtering yield is defined as the number of surface atoms removed per
incident ion. Early theoretical studies of surface erosion by ion bombardment tend to
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assume that the sputtering yield as well as erosion velocity is independent of the
curvature of the surface. However small perturbations on a planar surface will not
grow and surface waves will not be formed, if the yield depends only on the angle of
incidence and all other effects are ignored. It is therefore of great importance to study
the curvature dependence of the yield and erosion rate.

Before the discussion of the theory, an introduction to the coordinate system
and symbols is necessary in order to avoid confusion. In the BH model, a coordinate
system with its origin at O and its z axis along the local normal is employed, as shown
in figure 3-2. The locality is assumed to be a raised crest with radius R.

z


x

O

R

Figure 3-2

Coordinate used in the theoretical study of ion sputtering.

For simplicity, the surface height will be taken to be independent of y, and
the problem now becomes two dimensional (x and z). The normal component of the
surface erosion velocity v (  , R) at point O when a uniform ion flux is incident at
angle  can be expressed as [44],
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v( , R) 
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where f is the beam flux,  is the total energy deposited, a is the average depth of
energy deposition (penetration depth),  and  are the widths of the energy
distribution parallel and perpendicular to the beam direction, respectively. In figure
3-3, the locality is assumed to be a raised crest with an uniform ion beam vertically
bombarding its surface. figure 3-3 shares the same x-y-z coordinators as Figure 3-2.
Generally, a ,  and  are comparable in magnitude.   x / R and  are constants of
proportionality relating the power deposited at O to the rate of erosion there.

Ion

a





Figure 3-3

Characteristics of the collision cascade generated by an ion.

In fact, the integral in Eq. (3-1) is difficult to evaluate. However, since the
surface height varies slowly in practice, the radius of curvature R at point O is much
larger than a . Second or higher order of the term a / R can then be neglected. Let
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  ( R / a )  ( R / a)( x / R)  x / a , Eq. (3-1) can be reduced to simple Gaussian
integrals:
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Note that the coefficients A, B1, B2, C, and D are independent of R and
positive for 0<  <π/2. Since ζ of order 1 is dominant in the integral, Eq. (3-2) may
therefore be expanded to first order in a /R. The normal component of the surface
erosion velocity v (  , R) can then be expressed as:
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The sputtering yield, which is defined as the number of surface atoms
removed per incident ion, is now ready to be analyzed. For simplicity, let us consider a
flat surface with R approaching infinity. Let n denote the number of atoms per unit
volume in the solid, and the sputtering yield can therefore be written as,
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According to Eq. (3-2b)
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(3-6)



Since the width of the energy distribution parallel to the beam direction (  )
is generally larger than the perpendicular component (  ), B1(  ) is a decreasing
function of the angle of incidence  from 0 to π/2. Thus Yo ( ) is an increasing
function of  . This theory is only applicable when the ion beam incident angle is far
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from grazing incidence, because the sputtering yield begins to decrease once 
exceeds a critical value. When the angle of incidence is larger than the critical angle,
reflection of ions must be also considered.
Surface erosion velocity v(  ,R) is of great importance for studying the ripple
evolution as will be shown later. Although Eq. (3-3) has not yet been generalized to
arbitrary surfaces, it already reveals the surface curvature dependence of v(  ,R). For
example, consider the effect of the beam on a trough (figure 3-4(a)) and a crest (figure
3-4(b)). When the ion beam incident angle is normal to the sample surface (  =0), the
coefficient 1 in Eq. (3-3) is negative. Since the radius of curvature R is negative in a
trough and positive in a crest, the troughs have higher erosion rate than the crests. In
other words, troughs experience higher erosion selectivity than crests in a sputtering
event. This is because when ions bombard point O and O’ shown in figure 3-4, an
equal amount of energy is transferred. However point O receives more energy
influence in the locality (e.g. from A and B) than point O’ could receive (e.g. from A’
and B’). The average energy deposited at O is larger than that deposited at O’. Thus
the rate of erosion at the bottom of a trough is greater than that at the top of a crest.

Figure 3-4

Ion bombardment of (a) a trough and (b) a crest.

45

CHAPTER 3

Since 1 governs the curvature dependence of the erosion rate on
hypothetical surfaces, Bradley and Harper introduced another coefficient  2 in order
to generalize Eq. (3-3) to arbitrary surfaces z = h(x,y) [44]. Γ1 and Γ2 contribute to the
dependence of the erosion rate on the surface curvature along the x and y directions,
respectively. Eq. (3-3) can now be expressed as,
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(3-8)

The Bradley and Harper Model: Sputtering induced ripple
formation
With the knowledge of surface erosion velocity, we are ready to study the

temporal evolution of a slightly perturbed surface. The unsputtered surface is assumed
to be on the x-y plane. The direction of the ion beam is taken to be on the x-z plane at
an angle  from the normal of the uneroded surface. It is assumed that the surface
height h(x,y,t) varies slowly enough that only the first order derivatives of h(x,y,t) for
small times are considered. Based on Eq. (3-7), the equation below can be established:
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h  2 h  2 h
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where vo ( )  v( , a

2h
2h

0,
a
 0) is the average erosion velocity of the surface
x 2
y 2

during sputtering.

This expression, however, underestimates the effect of surface diffusion
which is of little doubt to take place in every sputtering process. To account for this, a
surface diffusion term [56] is incorporated into the theory and Eq. (3-9) is replaced by:

h
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where D represents the diffusivity. It is now sufficient to study the temporal evolution
of a periodic perturbation h(x,y,t) by incorporating a periodic wave function with
arbitrary wave vectors:

h( x, y, t )  v0 ( )t  A exp[i(k1 x  k2 y  t )  rt ]
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where k  min[k1 , k2 ] and ( )  min[1 ( ), 2 ( )] . The term | | fa / nYo ( ) | ( ) |
represents the coefficients of the erosion terms  2 h / x 2 and  2 h / y 2 in Eq. (3-10).
Coefficient  is generated by the sputtering process and is called the effective surface
tension. Eq. (3-14) is the theoretical expression of the wavelength of sputtering
induced ripples. It reveals the very fundamental origin of ion sputtering induced ripple
formation: Surface diffusion (D) tends to smooth the surface, a large diffusivity leads
to a long wavelength or flat surface; whereas the denominator can be seen as the ion
induced instability which contributes to the surface roughening process. The interplay
between these two underlining dynamics stimulates the ripple formation.

.
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CHAPTER 4

ENERGY DEPENDENT SURFACE
MORPHOLOGY EVOLUTION OF GaAs BY
LOW ENERGY ION SPUTTERING

4.1

Background
While ripple formation on sputtering eroded surfaces has been observed in

the 1970s [45], a self-organization process using low energy ion sputtering of
semiconductor surface at normal beam incidence angle has been found recently to be
capable of producing highly uniform nanoscale islands [8]. This sputtering generated
surface modification is believed to be a potential alternative to techniques like
Stranski-Krastanov (SK) growth and electron beam lithography that could eventually
create structures in the nanometer regime exhibiting quantum properties [57,58].

4.2

Objectives
Among the III-V semiconductor compounds, GaAs quantum dots (QDs) is of

great importance for fundamental quantum confinement effect studies. The
GaAs/AlGaAs system, which is ideally unstrained, is particularly attractive due to the
absence of strain intervention. However, being almost perfectly matched also means
that GaAs QDs cannot be formed by the SK growth mode. However, most of the
existing methods for obtaining GaAs QDs, for instance laser induced localized interdiffusion [59], dry and wet etching [60], the use of offcut substrate [61], nanochannel
alumina masks [62], in-situ etching [63] and droplet epitaxy [64] are process intensive
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and thus time consuming. In pursuing a promising technique to produce nanoscale
GaAs dots and inspired by the sputtering induced surface morphology evolution, we
present our study on GaAs surface modification by the means of ion bombardment.
This research focuses on the energy dependent surface feature development below
1200 eV ion energy.

4.3

Theoretical modeling
Even though the Bradley and Harper theory introduced in chapter 3 is

successful in predicting the ripple wavelength and orientation [65], this linear model
cannot explain a number of experimental features, such as the saturation of the ripple
amplitude [4,66] and the appearance of kinetic roughening [67]. It has been then
proposed that the inclusion of nonlinear terms and noise can overcome these
shortcomings [68]. Consequently, the microscopic dynamics of surface roughness and
pattern formation induced by ion sputtering can be described by the noisy nonlinear
Kuramoto-Sivashinsky (KS) equation [69-71]. Eq. (3-10) is therefore replaced by:

 y h
h
2h
2h
4h
4h
 2  2 h  h
 vo ( )  x 2   y 2  Dx 4  Dy 4  Dxy 2 ( 2 )  x ( )2  ( )2   ( x, y, t )
t
x
y
x
y
x y
2 x
2 y
(4-1)
where vo ( ) is the rate of erosion of the unperturbed planar surface;  x and  y
represent the effective surface tensions generated by the erosion process; Dx , D y and

Dxy denote the surface relaxation kinetics;  x and  y describe the tilt dependent
erosion rates [72]; and  ( x, y, t ) represents an uncorrelated white noise component
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with zero mean, which incorporates the randomness resulting from the stochastic
nature of ion arrival at the surface [73]. This expression recognizes the fact that
surface relaxation is governed by two different diffusion processes. The terms with
coefficients Dx and D y are thermally activated. Their smoothing rates are based on
mass transport on the surface. The ion sputtering induced diffusion process,

Dxy (2 / x2 )(2h / y 2 ) , is regarded as a smoothing contribution in the morphology
evolution without mass transport. It originates from the interaction between energetic
ions and surface atoms, and is directly related to the parameters of the distribution of
the energy deposited.

In general, ion bombardment provokes an anisotropic instability giving rise
to characteristic ripple patterns. The surface morphology is therefore a function of
incident angle and depends as well on the beam condition as discussed in chapter 3. In
a very special case where the ion beam impinges perpendicular to the target surface,
coefficients in Eq. (4-1) become isotropic and a regular matrix of dots is expected to
be formed [74]. The temporal surface height evolution can then be expressed as an
isotropic KS equation:

h

 vo ( )  2 h  D4 h  (h)2   ( x, y, t )
t
2
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(4-3)

where J is the ion current density, p is the proportionality factor coupling the energy
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deposited to the erosion rate, ε is the total energy deposited, and a is the average
depth of energy deposition.  and  are the widths of the distribution parallel and
perpendicular to the beam direction, respectively. The diffusion coefficient D in Eq.
(4-2), which is assumed isotropic, includes all diffusion coefficients, i.e., the thermal
diffusion (Dt) and effective sputtering induced diffusion (Deff).

Dt  Do exp(

Deff 

 Ea
)
k BT

a 4 J  p
a2
[
exp(

)]
8 2 2
2 2

(4-4)

(4-5)

Here Ea is the activation energy, kB is the Boltzmann’s constant, and T is the
temperature. In Eq. (4-2), the interplay between the unstable erosion term (  2 h ) and
the surface diffusion term (  D 4 h ), generates dots with wave vector k and
characteristic wavelength lc (it serves as a measure of the QD lateral size) in the
following relationship:

lc 

2
D
 2 2( )
k
| |

(4-6)

It is difficult to differentiate the two diffusion mechanisms when they
simultaneously co-exist. However, at low temperature and comparably high ion
energy (below several keV), Dt is negligibly small compared to Deff, and the effective
ion induced diffusion should dominate over thermal diffusion [63]. Hence, based on
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Eqs. (4-3) (4-5) and (4-6), lc becomes:

a 4 J  p
a2
[
exp( 2 )]
Deff
8 2 2
2
lc  2 2(
)  2 2(
)  2
2
a
J p
a2
| |
| 2 [
exp( 2 )] |
2
2
2

(4-7)

According to the sputter theory, the lateral width of the energy deposited 
is related to the sputtering energy (ε) by:

   2m

(4-8)

The parameter m, which varies from 0 to 1, originates from the inter-atomic potential
V(R) = R-1/m determining the stopping cross section. m = 1 holds for Rutherford
scattering. In the lower keV and upper eV region, m is between 1/3 and 1/2 [36]. By
substituting Eq. (4-8) to Eq. (4-7), the characteristic wavelength lc is related to the
sputtering energy by a power law:

lc  2 2m

(4-9)

Eq. (4-9) suggests that the characteristic wavelength of sputtering induced
QDs is solely controlled by the incident ion energy when sputtering induced diffusion
overtakes thermal diffusion. The QD evolution in this regime is independent of other
sputter parameters, such as the ion beam flux and sample surface temperature.
Furthermore, by taking the logarithm on both sides of Eq. (4-9) a linear relationship is
obtained with 2m being the slope,

log(lc ) log( 2 )  2m log( )
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4.4

QD formation experiment details
The samples used are commercial GaAs (100) wafers. A Veeco ion source is

used to provide the Ar+ ion beam, which impinges perpendicularly onto the sample
surface. The process chamber pressure is maintained below 4 x 10–4 torr by a turbo
pump. All samples are sputtered for 300 s with the ion current kept at 10 mA which is
equivalent to 8.8 × 1015 cm–2s–1 beam flux. The surface morphology induced by ion
sputtering is analyzed ex-situ by atomic force microscopy (AFM). The guaranteed
radius of curvature of the AFM tips is 5 nm.

4.5

AFM result analysis and discussion on energy
dependent QD evolution process
Traditionally, for low ion energy Ar+ (typically below 1 keV) sputtered

GaAs surface, the collisions between incoming ions and surface atoms were mainly
studied and observed [75]. The collisions take place with a few atoms by displacing
them from their original sites, some of which are ejected from the surface. When the
ion energy is increased to few keV, the ions collide with more target atoms and
transfer sufficient energy to knock a few other atoms off their lattice positions,
forming a linear cascade event. At even higher energy, a massive ion initiates a large
number of cascade collisions so that all atoms in a volume are in motion, with a high
density of vibrational and electronic excitations induced. Periodic surface features are
developed when the Ar+ ion energy is around 60 keV [19]. In this high energy range,
dots are formed on the crest of ripples. The energetic ion impact could possibly create
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a large amount of surface defects and change the surface composition. To solve this
problem, we studied the surface morphological evolution under low energy ion
bombardment. According to our study, regular GaAs QDs can be formed by
perpendicular Ar+ sputtering at much lower ion energies (below 1.2 keV).

Figure 4-1 shows the AFM images of sputtered GaAs surfaces with
sputtering energies of 250, 600, 1000 and 1200 eV, respectively. These images
represent different observed surface structure development regimes. The surface
morphology evolution can be summarized as follows: In the low eV range, no visible
periodic surface features but surface roughening can be observed (figure 4-1(a)).
Above the mid eV energy range, dot like self-assembled nanopatterns start to form
(figure 4-1(b)). These patterns are accompanied by the presence of irregular and rough
features and show a weak short range ordering. Conjoined dots can also be seen
forming bigger coalesced islands. This partially chaotic surface state is gradually
suppressed as the sputtering energy becomes stronger and exceeds 1 keV (figure
4-1(c)). Separations between dots and growth in dot size can clearly be seen up to this
regime. Short range ordering is also achieved at 1 keV sputtering energy. When the
energy is increased to 1.2 keV, the dot size continues to increase and the surface
density is typically around 6  1010 cm-2. The three dimensional (3D) surface image
depicted in figure 4-2 shows nanoscale dots formed at ion energies 1000 and 1200 eV.
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200 nm
Figure 4-1

600 eV

200 nm

AFM images of Ar+ sputtered GaAs(100) surfaces at ion energies of (a)
250 eV, (b) 600 eV, (c) 1000 eV and (d) 1200 eV.
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3D surface plot of the GaAs nanoscale dots formed at (a) 1000 eV and
(b) 1200 eV.
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The sputtering created dots at 1200 eV are further analyzed. The dot height
and base width are extracted from the AFM surface analysis and plotted in figure 4-3.
Statistically, the dots have 22 nm base width and 2.3 nm height. The dot surface
density is 6  1010 cm-2. The two histograms shown in figure 4-3 exhibit Gaussian like
bell shapes which suggest considerably good dot uniformity. The standard deviation
values calculated from the two Gaussian curves are 7 nm (figure 4-3(a)) and 0.9 nm
(figure 4-3(b)). This result indicates low dispersion of the dot size distribution.
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2

Histograms of (a) base diameter and (b) height distributions of the
GaAs nanoscale dots formed at 1200 eV.

In order to elucidate the dot formation mechanism, let us recall Eq. (4-9).
Since the effects of background gas pressure on ion beam energy and momentum have
generally been ignored in ion sputtering applications [76], the ion energy supplied by
the controller can be treated as the actual energy that the ion beam carries when it hits
the sample surface. By putting together the surface characteristic wavelength obtained
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in the 2D power spectral density (PSD) analysis by the AFM and the ion energy in a
double logarithmic graph, the energy dependent dot evolution on GaAs surface can be
plotted (figure 4-4). The characteristic follows Eq. (4-10) well.

lc  2 2m

(4-9)

log(lc ) log( 2 )  2m log( )

(4-10)
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Figure 4-4

Energy dependent dot characteristic wavelength evolution.

Due to the presence of non-uniformity and stochastic roughness, the obtained
characteristic wavelength varies in relatively large scale at 600 eV. As the energy
approaches 1200 eV, this dispersion becomes smaller. A linear fit of the data points
yields a slope of 2m = 0.78, or m = 0.39. This is in good agreement with the sputtering
theory that in the lower energy range, the characteristic QD base width increases with
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ion energy according to the power law in Eq. (4-9) with m ~ 1/3 [36]. This suggests
that the effective ion induced diffusion dominates over thermal diffusion in this energy
range for the dot formation on GaAs.

For energies lower than 600 eV, no dot like patterns are observed. In other
words, the threshold energy for GaAs nanoscale dots formation is near 600 eV when
sputtering time is 300 s. Even though the threshold energy has so far eluded
theoretical proof, its existence and characteristic can be predicted and justified based
on current sputtering theory. From what has been reported by Facsko et al. [8] and
Bobek et al. [40], there exists an onset time to let the sputtered surface enter the early
QD formation regime at a fixed sputtering energy. This can be interpreted as: for a
given sputtering time and varying sputtering energy, there exists the possibility that
this sputtering duration is not long enough for some low sputtering energies to initiate
dot formation, or these energies are below the threshold energy. Sputtering time and
energy are two related concepts. A shorter sputtering time could need higher
sputtering energy to achieve the same outcome as in longer sputtering time but lower
sputtering energy. Furthermore, by putting this temporal concept into the energy
dependent scheme, it is not difficult to conclude that in the ion induced diffusion
regime, the ion energy vs. characteristic wavelength profile can be shifted by the
sputtering time. Under the same ion energy, longer sputtering time leads to smaller
threshold energy and longer characteristic wavelength, therefore the profile moves
upwards. This proposal will be discussed in detail in the following chapters.
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4.6

Summary
In summary, the Ar+ sputtering induced GaAs(100) surface morphology

evolution below 1200 eV ion energy is investigated. The sputtered surface is
examined and analyzed by AFM. In the low eV energy range, no regular surface
patterns are observed. Above the mid eV energy range, typically 600 eV in this series
of experiment, dot like islands mixed with irregularities start to develop and grow with
increasing ion energy. The measured dot characteristic wavelength exhibits a power
law dependence on the sputtering energy. The factor m has been graphically
determined to be 0.39. This value is theoretically reasonable because in the upper eV
and lower keV range, the factor m is typically around 1/3. Our study has proven the
feasibility to fabricate GaAs QDs using low energy ion sputtering, and this fabrication
process can be well controlled by the energy dependent QD formation model.
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CHAPTER 5

TEMPORAL SURFACE MORPHOLOGY
EVOLUTION INDUCED BY LOW ENERGY ION
SPUTTERING

In chapter 4 we discussed the energy dependent QD evolution characteristics
induced by ion sputtering, and applied this theory to form GaAs QDs with normal ion
beam incident at low energies and fixed sputtering duration. In this chapter, we will
unlock a significant parameter, sputtering time, to investigate the temporal behavior of
sputtering induced QDs. We will also study the correlation between sputtering time ( t )
and ion energy (  ) by proposing a model which takes the two parameters into
consideration. This t   model provides two degrees of freedom in sputtering
induced QDs fabrication.

5.1

Background
Among the III-V semiconductor compounds, GaAs is of great importance for

fundamental surface topography studies [77]. It is widely used in heterostructures,
such as GaAs/AlGaAs and in fundamental quantum confinement effect research.
However in the context of ion sputtering, GaAs has been mostly investigated using
considerably large ion energies (from 50 to 100 keV) [19,20], which can cause
substantial amount of nonradiative defects that are deleterious to semiconductor
device optical performance [78]. In addition, the behavior of surface morphology
temporal evolution beyond the QD saturation state has eluded scientific proof and
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discussion. A complete picture of the temporal QD evolution is needed in order to
investigate the optimum time range for QD formation. Furthermore, the correlation
between sputtering time and energy has received little attention in the field. We need
to understand how they affect each other in order to best control the fabrication of
sputtering induced QDs.

5.2

Objectives
Motivated by the above issues, in this chapter, we study in detail the

morphological evolution on GaAs using low ion energy under different sputtering
time and energy conditions. At different ion energies, we have observed that the post
saturation morphological development exhibits kinetic roughening and size oscillation.
The QD formation is optimized during saturation which is suitable for dot fabrication
because of maximum surface uniformity and minimum topographical fluctuation. The
impact of ion energy on the QD temporal evolution is discussed and a scaling law that
considers both sputtering time and energy is proposed to predict the dot formation.
Photoluminescence (PL) characterization is carried out to shed light on the optical
properties of low energy sputtering induced GaAs QDs with molecular beam epitaxy
(MBE) regrowth of AlGaAs capping layer as well as post growth rapid thermal
annealing (RTA).
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5.3

Experimental details
The substrates used in this work were GaAs(100) wafers. All experiments

were performed at pressure maintained below 4 × 10–4 torr by a turbo pump. The Ar+
ion beam was orientated to be perpendicular to the substrate surface. The ion beam
flux was kept at 8.8 × 1015 cm–2s–1. The sputtering temperature was kept below 180 oC.
The ion beam energy was varied from 700 to 1000 eV, and the sputtering time was
changed from tens of seconds to 9000 s. The surface morphology was analyzed ex-situ
using atomic force microscopy (AFM), in which a super sharp silicon cantilever with
guaranteed 5 nm tip radius of curvature was installed.

In order to study the optical properties of sputtering induced GaAs QDs, the
GaAs/AlGaAs QD system was fabricated by ion sputtering and solid source MBE. A
layer of 350 nm thick GaAs was firstly grown on the 250 nm thick AlGaAs cladding
layer by MBE, and then transferred into the sputtering chamber. Another 250 nm thick
AlGaAs cladding layer was capped once sputtering induced dots were formed. The
thickness of the GaAs layer was determined based on the surface erosion velocity
collected from a series of control experiment and measurement using surface profiler,
AFM and PL. Successful fabrication is achieved when the PL spectrum matches the
theoretical prediction. The Ga beam equivalent pressure (BEP) was fixed at 6.7 x 10-7
torr for the GaAs layer growth; while the Ga and Al BEPs were fixed at 4.7 x 10-7 torr
and 1.1 x 10-7 torr, respectively, for the AlGaAs layer growth. The As4 BEP, growth
rate and growth temperature were 1.2 x 10-5 torr, 1.0 μm hr-1 and 580 oC respectively
for the growth of all the layers. The GaAs/AlGaAs QD structure was eventually
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capped with 200 nm of SiO2 deposited by plasma enhanced chemical vapor deposition
(PECVD) and subjected to RTA performed at 600 oC for 90 s. Both the as-grown and
annealed GaAs/AlGaAs QD samples were characterized using PL at 5 K. The
excitation wavelength was the 5145 Å line of an Ar+ laser, and the PL excitation
power density was 3 Wcm-2.

5.4

Results and analysis

5.4.1

AFM characterization and discussion
Figure 5-1 shows the temporal evolution of the GaAs surface sputtered at

1000 eV. At the very early stage of sputtering, e.g. 10 s in figure 5-1(a), no visible
periodic patterns could be observed. The surface is occupied by cloud like irregular
features. At 30 s sputtering time shown in figure 5-1(b), the surface reconstruction by
ion bombardment can already be seen with the irregular features broken into raised
grain like islands. Once the sputtering time exceeds approximately 100 s, periodic
pattern is formed. At 300 s sputtering time shown in figure 5-1(c), the substrate
surface exhibits dot like features with clear separation between them giving base width
of 22 nm and height of 6 nm. Recent numerical simulations suggested a critical time
for the formation of nanodots induced by ion sputtering [79]. Before the critical time,
no nanodots are formed. At the critical time, the dots are fully developed. After the
critical time, the dot uniformity rapidly disappears. However, compared to the
numerical simulation, there exists a much longer time span either before or after the
formation of nanodots according to our experiment. The dots continue to develop after
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this critical time. This means the temporal evolution of nanodots in the very early
stages cannot be well explained by the present KS equation.

(a)

(b)

10 s

200 nm
(c)

200 nm
(d)

300 s

200 nm
(e)

30 s

1800 s

200 nm
(f)

3600 s

200 nm

5400 s

200 nm
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(g)

7200 s

200 nm
Figure 5-1

Atomic Force Microscopy (AFM) images of morphological evolution
on GaAs(100) surface using sputtering times of: (a) 10 s, (b) 30 s, (c)
300 s, (d) 1800 s, (e) 3600 s, (f) 5400 s, and (g) 7200 s. The samples
were sputtered at Ar+ energy of 1000 eV and beam flux of 8.8 × 1015
cm–2s–1.

As the sputtering proceeds, the dots continue to grow due to instability
caused by the interplay between sputtering induced surface roughening and surface
diffusion. Dots with base width of 27 nm and height of 9 nm are formed at sputtering
time of 1800 s as shown in figure 5-1(d). At longer sputtering times, the lateral size of
dots saturates and the topography evolves into a highly regular array of dots. As
shown in figure 5-1(e), dots with 31 nm base width and 10 nm height are obtained at
3600 s. Up to now our observation is in strong agreement with the current temporal
sputtering theory which predicts the sputtering induced QDs could enter a saturation
regime and become fully developed and stabilized in size [40]. In order to investigate
the characteristics of post saturation QD evolution, the sputtering time was extended
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to 7200 s. We have found that the surface topography does not stay saturated
indefinitely but continues to develop after the saturation regime. In figure 5-1(f), dots
with 43 nm base width and 21 nm mean height are captured at 5400 s. As the
sputtering progresses further, there exists remarkable coalescence of dots and the
topography develops into an irregular pattern of mounds with distinct size dispersion.
The differences in height and base width between the bigger and smaller dots in figure
5-1(g) could be as much as ~28 nm and ~24 nm, respectively. Although the post
saturation behavior of dot evolution is still elusive, our results do suggest a new
topography development mode that resumes dot growth after the saturation regime.
This corresponds to the presence of irregularity and fluctuation in dot size in contrast
to the tendency of surface ordering before the saturation regime.

Figure 5-2 shows the Gaussian fits of dot base width histograms extracted
from figures 5-1(b) to (g). The corresponding temporal evolutions of full width at halfmaximum (FWHM) and median QD base width are presented in figure 5-3 and figure
5-4, respectively. The number of data points used to construct the histogram is 100.
Before 3600 s, the Gaussian distribution tends to increase in height and reduce in
FWHM, indicating an improvement in surface uniformity. After 3600 s, the surface
uniformity tends to deteriorate resulting in broadening of the FWHM. The valley on
the FWHM distribution curve indicates a stable or metastable state for QD size
development. Hence the optimum sputtering time is 3600 s, which gives the narrowest
FWHM of 12 nm, or the highest dot uniformity. In addition, the overall evolution of
dot base width increases with sputtering time as shown in figure 5-4.
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Figure 5-2

Gaussian fits of the dot base width histograms extracted from the AFM
images presented in figure 5-1.
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Figure 5-3

Temporal evolution of the full width at half-maximum (FWHM) of the
QDs extracted from the AFM images presented in figure 5-1.
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Figure 5-4

Temporal evolution of the QD base width extracted from the AFM
images presented in figure 5-1.

It is important to highlight that the minimum QD size fluctuation (FWHM)
occurring at 3600 s is ~12 nm, which is approximately 30% of the dot base width.
This typical size fluctuation is good enough for applications in optoelectronics. As
shown in figure 5-5, by applying the quantum box model with infinite potential barrier,
the lateral size fluctuation of 12 nm for the GaAs QDs formed at 3600 s is found to
result in a small variation of 0.6% in the QD ground state transition energy. The weak
dependence of the confinement energy on the QD base width is expected due to the
wide QD base. Most importantly, this suggests its potential for device applications.
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Figure 5-5
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GaAs QD ground state transition energy as a function of the QD base
width.

Figure 5-6 describes the temporal evolution of the median QD height (h)
over base width (w) ratio. It can be seen that h/w is small in the early stage due to the
incomplete erosion. As sputtering proceeds from 300 to 1800 s, h/w gradually
increases because of sputtering yield dependence on the local surface curvature which
gives rise to preferential erosion in the troughs than in the crests. In the region
between 1800 and 3600 s, h/w is stabilized to 0.33. This implies the QD aspect ratio or
shape has developed to a state with minimum variation. After 3600 s the surface
morphological development leaves the saturation regime (or it enters the post
saturation regime). The ratio continues to increase from 0.33 to above 0.5. In this time
regime, the nonlinear terms in the KS equation (Eq. (4-2)) influence the pattern
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formation process significantly. The QD pattern is no longer stabilized in dynamic
equilibrium, and kinetic roughening produces disordered morphologies with higher
QD aspect ratio.
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Figure 5-6

Temporal evolution of the QD height over base width (h/w) ratio.

The dependence of the root mean square (RMS) roughness and the dot
surface density on sputtering time is plotted in figure 5-7. At the early stage of
sputtering, the surface roughness is as low as ~3 nm, which suggests that ion
sputtering with lower ion energy can be utilized as an effective method for the
preparation of smooth surfaces. Continuous growth in the roughness and reduction in
the dot density can be seen along the positive direction of the time axis. The temporal
evolution of the two quantities has the lowest rate of change from 1800 to 3600 s,
providing a gradual process of surface morphological stabilization, which is suitable
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for GaAs dot fabrication. Beyond 3600 s, the dots grow rapidly with noticeable
coalescence and size oscillation, which is responsible for the steep increase in
roughness and drop in dot surface density.

Figure 5-7

Temporal evolution of surface RMS roughness and density.

Similar trend in the temporal evolution can be obtained at other ion energies.
Figure 5-8 shows the AFM images of samples sputtered at 700 eV. The patterns
shown in figures 5-8(b) and (c) exhibit characteristics of dot saturation and post
saturation, which are closely related to images presented in figures 5-1(e) and (g). The
surface undergoes the same initial morphology modification as what has been
observed at 1000 eV. At constant ion energy, the evolution of the surface morphology
starts with small raised grains with no defined ordering. Underdeveloped nanograins
are formed due to preferential sputtering and they can already be observed at 300 s
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(figure 5-8(a)). The QD pattern generated on GaAs(100) surface by Ar+ ion
bombardment is controlled by the ion energy. During continuous sputtering the grains
develop into an orderly arrangement. The diameter of the dots increases, whereas the
density of the dots decreases slightly, until the pattern forms a closely packed
arrangement of regular dots as shown in figure 5-8(b). This pattern is stable for a
period of one to two thousand seconds under subsequent sputtering and is then
transformed into a chaotic cellular structure with high QD size fluctuation. In practice,
QDs in the post saturation regime are not coherent because of the effects of shot noise
caused by ion beam bombardment. Moreover, as the amplitude or lateral size of the
QDs becomes bigger, the nonlinearities become increasingly important. The
topography is therefore disordered especially at long sputtering period. The dot
density can be adjusted by the ion energy in the temporal evolution and lies between
~1010 cm-2 and ~1011 cm-2. The overall trend displayed at fixed ion energy and varying
time is that the surface roughens during continuous and concurrent ion sputtering.
Furthermore, the morphology formed at 700 eV evolves at a relatively smaller size
scale compared to that formed at 1000 eV, and it takes longer time for the surface
patterns to evolve. For instance, 300 s is enough to produce well defined QDs at 1000
eV (figure 5-1(c)), but it is not sufficient to generate morphological regularity at 700
eV (figure 5-8(a)).
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Figure 5-8

AFM images of the morphological evolution on GaAs(100) surface
with sputtering times of: (a) 300 s, (b) 5400 s and (c) 9000 s. The
samples were sputtered at Ar+ energy of 700 eV and beam flux of 8.8 ×
1015 cm–2s–1.
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5.4.2

PL characterization and discussion
PL characterization was performed to show evidence of quantum

confinement effect of sputtering induced dots. The sample used was GaAs/AlGaAs
QD structure fabricated by ion sputtering (300 s and 1000 eV) and MBE growth. The
PL spectra collected at 5 K and the sample’s schematic are shown in figure 5-9. The
dotted curve represents the as-grown sample, and the solid curve represents the sample
annealed at 600 oC for 90 s. For the as-grown sample, the left peak centered near 676
nm originates from the AlGaAs cladding layers with 25% Al composition. The right
peak near 720 nm was evaluated by considering the quantum box model with infinite
barrier height, which gave dot dimensions of 23 nm base width and 6.1 nm height.
Details of the calculation will be shown in later chapters in which the PL measurement
is elaborated. This is consistent with our experimental data extracted from figure 5-1,
and therefore the 720 nm peak originates from the ground state emission of sputtering
induced GaAs QDs. The PL spectrum in solid curve was collected after RTA
performed at 600 oC for 90 s. Even though the 580 oC AlGaAs growth temperature is
close to the 600 oC RTA temperature, which could result in unintentional annealing
during the AlGaAs growth, our result shows that the integrated PL (IPL) intensity
ratio between the GaAs QD peak and AlGaAs peak has increased from 0.6 to
approximately 2 after RTA. This suggests that RTA is an effective method for
removing the potential nonradiative defects, hence improving the radiative efficiency
of sputtering induced GaAs QDs.
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Figure 5-9

Photoluminescence (PL) spectra of the GaAs/AlGaAs quantum dots
prepared using ion sputtering and molecular beam epitaxy. The inset
illustrates the schematic of the sample structure.

5.5

Discussion and theoretical modeling

5.5.1

Scaling concepts
The formation of QDs induced by ion sputtering is influenced by a large

number of factors, and it is almost impossible to distinguish all of them. There are
some aspects of sputtering process that make the QD formation both interesting and
difficult. One is the effect of randomness which originates from the disordered nature
of the medium through which the QDs advance. The sputtering phenomena involve
noise or randomness, which may significantly affect the morphology of the interface.
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The incoming ion beam flux is non-uniform in nature. Atoms reach the surface at
random positions, with random time intervals between them. There is also the random
nature of diffusion on the surface since atoms usually follow Brownian trajectories
while looking for the edge of an island or step on which to stick.

A successful tool for understanding the behavior of various QD formation
processes is the stochastic differential equation. Such equation typically describes the
interface at large length scales, which means details of the short length scale are
neglected and we focus only on the asymptotic coarse grained properties. The
Kuramoto-Sivashinsky (KS) equation is constructed based on the stochastic
differential equation concept. However, being a continuum equation, the KS model
does not have exact solutions. It can be studied by performing numerical integration
using computer simulation tools [79] which are time consuming, or by determining the
scaling exponents and scaling functions based on its predictions and various
approximations.

Scaling is one of the modern concepts used to study various roughening and
morphological development processes. It has the power of simple manipulations and
prediction which allow us to connect seemingly independent quantities and exponents.
Scaling is constructed based on the actual surface development dynamics and
represents an essential link between theory and experiment. It mimics the essential
physics but bypass some of the less essential and less dominant details. The dynamics
of the surface morphological evolution usually display several different types of
complex scaling behavior whose precise nature remains to be elucidated. However
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studying such scaling relations will allow us to define universality classes. Thus
different systems, which may appear to have no connection between them, indeed
behave in a remarkably similar fashion. The following discussion is devoted to codify
the fact that there are but a few essential factors that determine and characterize the
surface modification behavior induced by ion sputtering. We will discuss in detail the
time ( t ) and energy (  ) dependent scaling behavior and uncover the t   model
which has more descriptive and predictive power to explain the sputtering induced QD
formation and evolution.

5.5.2

Scaling theory of temporal evolution of QDs induced by ion sputtering
In an attempt to comprehend the surface morphological evolution under

different sputtering time and energy, we can quantitatively describe the morphology
by defining the QD characteristic wavelength as lc ( A, t ) with A defining the system
size and t being the sputtering time. As discussed earlier, initially the lateral size of the
QDs increases as a function of time t. This size expansion then enters a saturation
regime after time ts (called the saturation time) during which the QD size reaches a
saturated value lsat. According to the simulation performed by Barabasi and Stanley,
the saturation value lsat increases as the system size A becomes bigger [80]. The
dependence follows a power law with a roughness exponent b,

lsat ( A)
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The saturation time ts after which the QD morphology crosses over to a
stabilized state with minimum change in size also depends on the system size
following a power law with a dynamic exponent r as suggested by Barabasi and
Stanley,

ts

Ar

(5-2)

To study the evolution process quantitatively, the characteristic wavelength
of the feature, lc ( A, t ) , needs to be expressed as a function of time. Eqs. (5-1) and (5-2)
can be combined into a finite size scaling expression of the Family-Vicsek scaling
relation [81]:

lc ( A, t )
t
 f( )
lsat ( A)
ts
t
 lc ( A, t )  lsat ( A) f ( )
ts
 lc ( A, t )  Ab f (

t
)
Ar

(5-3)

where f (u ) is a scaling function defined as:

u k
f (u )  
const

for u  1
for u  1

(5-4)

Eq. (5-3) is able to model two scaling regimes depending on its argument

u  t / ts . When the sputtering time t is less than ts, the surface gradually develops.
Initially lc increases with sputtering time t following a power law dependence on the
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growth exponent k characterizing the time dependent roughening dynamics:

lc (t )

[t  t s ]

tk

(5-5)

The power law increase in lc does not continue indefinitely. As the sputtering time t
exceeds ts, development of the width enters the saturation regime and lc therefore
stabilizes and reaches a saturated value (Eq. (5-5)). This model is based on the FamilyVicsek scaling relation. However it overlooks the fact that the surface modification
caused by ion bombardment resumes growth in lc after the saturation regime, which
can be clearly seen in figures 5-1(f) and (g).

lc

[t  ts ]

const

(5-6)

The exponents b, r and k are indeed not independent but correlated.

tsk . From Eq. (5-1) we have lsat

According to Eq. (5-5), we know that lsat

According to these two relations and based on t s

Ab .

Ar (Eq. (5-2)), the correlation

between the three exponents can be expressed as:

k

b
r

(5-7)

This equation links the three exponents and is valid for any sputtering process that
obeys the Family-Vicsek scaling relation.

Physically the scaling form in Eq. (5-3) originates from the continuum
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equation proposed by Kardar, Parisi and Zhang or the KPZ equation [82].

h(t )

 v2 h  (h)2   ( x, y, t )
t
2

(5-8)

where the first term on the right hand side describes relaxation of the interface caused
by a surface tension v . The second term is the lowest order nonlinear term that can
appear in the equation.  is the noise function with a Gaussian distribution. It is
important to note that the KPZ equation exhibits great similarity as the KS equation
(Eq. (4-2)) which is used to describe the sputtering induced QD surface evolution
mechanism in 2+1 dimensions [80,82,83]. Furthermore, the scaling behavior of the
sample surface described by the KS equation is in the same universality class as the
KPZ equation in 2+1 dimensions. This justifies the proposal of applying the FamilyVicsek scaling relation in the analysis of temporal evolution of sputtering induced
QDs.

5.5.3

Sputtering time and energy dependent QD evolution induced by ion
sputtering (the t   model)
Current studies of sputtering induced QDs are primarily based on the

knowledge of sputtering induced ripple formation. With oblique ion beam incidence,
regular ripples are formed on the surface with a characteristic wavelength defining the
ripple wavelength. When the beam is oriented perpendicular to the substrate surface,
QDs are formed and their characteristic wavelength serves as a measure of the QD
lateral size [84]. In an attempt to explain the delay in temporal evolution when
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sputtering energy becomes smaller as well as to understand the scaling behavior of the
QDs at different sputtering time and energy, the characteristic wavelength ( lc ) of
surface pattern was extracted from the power spectral density (PSD) and surface
analysis of the AFM images and plotted as a function of sputtering time in log scale in
figure 5-10. The lc values were collected at 700, 850 and 1000eV.
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Figure 5-10

Temporal evolution of the quantum dot characteristic wavelength at ion
energies: 700, 850, and 1000 eV, with linear fits to the data points.

For the same ion energy, we have found a power law dependence of lc on
sputtering time (t) according to:

lc  t 
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This is in agreement with the scaling model proposed earlier (Eq. (5-5))
which has theoretically predicted the power law scaling behavior. The growth
exponent  extracted at 700, 850 and 1000 eV from the linear fits (solid lines in
figure 5-10) are 0.24 + 0.05, 0.26 + 0.06 and 0.21 + 0.04, respectively. These numbers
are comparable in magnitude suggesting the surface evolution is governed by the same
scaling mechanism. For sputtering times longer than 3600 s at 1000 eV,  becomes
1.82 which is approximately 8 times greater than those obtained at shorter sputtering
times at all ion energies. It is a sign of the surface feature leaving the saturation state
and resuming growth. This big  value reveals the dominance of bigger dots at large
time scales and is responsible for the distinct dot expansion shown in figures 5-1(f)
and (g).

It is worth noting that the temporal development of lc can be shifted by ion
energy as shown in figure 5-10. In other words, it takes longer time for smaller
energies to achieve the same QD size formed at higher energies. Now let us recall the
energy dependence of the QD lateral size induced by ion bombardment based on the
isotropic Kuramoto-Sivashinsky (KS) equation (Eq. (4-2)):
h

 vo  2 h  D4 h  (h)2   ( x, y, t )
t
2

(4-2)

where h defines the surface height, vo is the rate of erosion of the
unperturbed planar surface,  represents the effective surface tensions generated by the
erosion process, D denotes the surface relaxation kinetics caused by thermally
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activated diffusion and sputtering induced diffusion, and (x,y,t) represents an
uncorrelated white noise component. The interplay between the erosion term (  2 h )
and the surface diffusion term (  D 4 h ) generates dots with characteristic wavelength
that equals to (Eq. (4-6)):

lc  2 2(

D
| |

)

(4-6)

When the surface diffusion process is dominated by the sputtering induced
diffusion, the characteristic wavelength of dots produced by low energy sputtering
under normal beam incidence scales with ion energy (ε) following (Eq. (4-9)):

lc   2m

(4-9)

Here the parameter m originates from the inter-atomic potential determining
the stopping cross section [36].
Figure 5-11 shows the energy dependence of  collected at 1800 and 3600 s
sputtering times. The m values evaluated from the linear fits of the 1800 and 3600 s
data points are 0.26 + 0.07 and 0.4 + 0.1, respectively. Our result is supported by
Sigmund’s sputtering theory that m is around 1/3 in the upper eV and lower keV ion
energy region [36], and is consistent with our earlier investigation on energy
dependent surface morphological development caused by ion sputtering [85]. It
therefore provides evidence for the validity of applying the energy dependent scaling
model (Eq. (4-9)) in our analysis. This scaling law allows us to understand the role of
ion energy in the temporal evolution. The temporal evolution of lc ( lc  t  ), shown in
Eq. (5-9) and presented in figure 5-10, from the early stage towards dot saturation, is
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indeed shifted by ion energy according to the power law dependence lc   2m . It
therefore enables us to construct a scaling model that considers both sputtering time
and energy (the t   model):

lc  t    2m

(5-10)

Or log(lc )   log(t )  2m log( )

(5-11)
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Figure 5-11

Energy dependent quantum dot characteristic wavelength evolution
using sputtering times of: 1800 and 3600 s.

It is important to realize that the dependence of surface pattern size on one
parameter, either time or energy, can be controlled by its counterpart. Furthermore,
this model provides two tuning parameters to researchers who are interested in
fabricating sputtering induced nanometer dots under the condition that the dominant
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smoothing process is due to effective ion induced diffusion. As shown in figure 5-12,
different sputtering time and energy combinations (1800 s + 1000 eV, 3600 s + 850
eV, and 5400 s + 700 eV) can be used to fabricate GaAs QDs with the same
characteristic wavelength of 30 nm.

Characteristic Wavelength = 30 nm
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Figure 5-12

To fabricate dots with 30 nm characteristic wavelength, different
sputtering time and energy combinations can be used: 1800 s + 1000
eV, 3600 s + 850 eV, and 5400 s + 700 eV.

The energy consumption in the QD fabrication process can also be estimated
and optimized using the t   model. Consider an ion beam with current I and ion
energy  , the total energy Ec consumed during a period of time t can be expressed
as:
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Ec  t    I

(5-12)

Since the sputtering time and ion energy are related as lc  t    2m
according to Eq. (5-10), we can rewrite Eq. (5-12) as:

Ec  lc1/    1 2 m /   I

(5-13)

From Sigmund’s sputter theory it is known that m is near 1/3 in the upper eV
and lower keV ion energy region [36]. This has been shown to be in agreement with
our experiment and modeling. Because the growth exponent  is typically around 1/4
according to our earlier discussion and experiment [86], Ec is inversely proportional to
ion energy  (or the beam voltage). This is to say for a given beam current I, to obtain
the same QD characteristic wavelength lc , high beam voltage which needs shorter
sputtering time consumes less energy than low beam voltage which requires much
longer sputtering time. In addition, shorter sputtering time will also mean reduction in
the fabrication period; hence there is additional benefit in terms of production
throughput. The t   model therefore helps to make the QD fabrication process less
time consuming and more cost effective.

5.6

Summary
In conclusion, we have presented a detailed study of temporal evolution of

sputtering induced GaAs QDs at low ion energy. The QD density and uniformity were
found to be optimized during QD saturation. The transition between the stabilized
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saturation state and unstable post saturation state was studied and highlighted by
several quantities; most notably there was significant deterioration in pattern
uniformity, increase in surface RMS roughness and reduction in dot density. With
MBE regrowth of the AlGaAs capping layer, PL characterization was performed on
the as-grown and thermal annealed GaAs/AlGaAs QDs. Significant improvement in
the integrated PL signal was achieved, suggesting the removal of nonradiative defects
by post growth thermal annealing. The temporal evolution of dots was found to be
reproducible at different ion energies based on a power law dependence on ion energy.
This leads us to the proposal of a scaling model that considers both sputtering time
and energy to predict the QD formation.
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PHOTOLUMINESCENSE
CHARACTERIZATION OF SPUTTERING
INDUCED QUANTUM DOTS

6.1

Background
Semiconductor nanostructures, such as quantum dots (QDs), have attracted

strong interest in the research community in recent years [87,88] and are becoming the
cornerstone for optoelectronic devices and systems [18]. As a sophisticated and
promising technique, self-assembled Stranski-Krastanov (SK) growth [89] has been
studied to create structures in the nanometer regime. However, since the SK growth
mode relies on the large lattice mismatch between the epilayer and substrate, it
experiences difficulty in growing materials on a lattice matched substrate where no
strains are induced. The GaAs/AlGaAs heterostructure is one of the most widely
studied systems as it exhibits several advantages which qualify it to be an important
candidate for fundamental QDs research. For instance, the ideally matched lattice
constants of GaAs and AlGaAs result in unstrained and sharp interface with minimal
intermixing [63]. However being closely lattice matched also means it is not possible
to grow GaAs QDs on AlGaAs using the SK growth mode. To overcome this obstacle,
many alternatives, such as nanochannel alumina masks [62], in-situ etching [63] and
droplet epitaxy [64] have been proposed and implemented. However most of these
techniques are relatively process intensive and time consuming. Compared to these
techniques, ion sputtering is attractive due to the relative ease of obtaining high
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density QDs. As a matter of fact, existing studies on ion sputtered QDs have mainly
focused on the surface morphology of the sputtered surface under different sputtering
conditions [23,90].

6.2

Objectives
In this chapter we will elaborate the fabrication of GaAs/AlGaAs QDs by ion

sputtering and subsequent molecular beam epitaxy (MBE) regrowth. The ion
bombardment induced self-organization is achieved by low energy ion sputtering of
the GaAs surface at normal beam incidence angle. The optical properties of the GaAs
QDs, which are extracted from the photoluminescence (PL) spectra, are studied.
Furthermore, the PL dependence of the temperature and excitation density is analyzed
in order to understand the PL quenching and carrier recombination mechanisms in the
QDs, which will be useful for further quality improvement and reduction in sputtering
induced damage in the QDs.

6.3

Theory
In general, ion bombardment provokes an anisotropic instability giving rise

to characteristic ripple patterns. In a very special case where the ion beam impinges
perpendicular to the target surface, a regular matrix of dots is expected to be observed
[74]. As discussed earlier, the temporal evolution of surface height h can be expressed
as an isotropic Kuramoto-Sivashinsky (KS) equation (Eq. (4-2)):
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h

 vo ( )  2 h  D4 h  (h)2   ( x, y, t )
t
2

(4-2)

where vo is the rate of erosion of the unperturbed planar surface;  represents the
effective surface tension generated by the erosion process; D includes all diffusion
mechanisms, i.e., the thermal diffusion and effective sputtering induced diffusion; 
describes the tilt dependent erosion rate; and (x,y,t) represents an uncorrelated white
noise component. The QDs investigated in this chapter is fabricated based on the
scaling theories originating from the KS equation.

6.4

Fabrication and characterization details
Figure 6-1 illustrates the key steps in fabricating the GaAs/AlGaAs QDs

using the growth-sputtering-regrowth (GSR) technique. In this experiment, a 100 nm
thick GaAs buffer layer covered by a 250 nm thick Al0.25Ga0.75As confinement layer is
firstly grown on a GaAs (100) substrate using solid source MBE (step 1 in figure 6-1).
On top of this structure is an MBE grown 350 nm thick GaAs layer which will be
sputtered in a chamber connected to the same ultra high vacuum modular platform as
the MBE chamber. Once the sputtering induced GaAs QDs are formed (step 2 in
figure 6-1), the sample is transferred back to the MBE chamber without breaking
vacuum to be capped by another 250 nm thick Al0.25Ga0.75As confinement layer (step
3 in figure 6-1). Since the MBE and sputtering chambers are connected to the same
ultra high vacuum modular platform, the GaAs surface is subjected to minimal
contamination during ion sputtering and regrowth. Furthermore, the thickness of the
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GaAs layer to be sputtered is decided after careful control experiments and
calculations based on a combined application of surface profiling, atomic force
microscopy (AFM) and photoluminescence measurements. The surface profiling and
AFM measurements are meant to give statistical information of the sputtering erosion
rate after a substantial number of measurements. The PL signal provides evidence to
verify if the designed structure is truly fabricated. Successful fabrication is achieved
when theoretical prediction matches the experimental PL spectrum.

GaAs (100) Substrate

Step 1: MBE Growth

AlGaAs (250 nm)
GaAs (350 nm)
AlGaAs (250 nm)
GaAs (100 nm)

AlGaAs (250 nm)
GaAs (100 nm)

GaAs (100) Substrate

GaAs (100) Substrate

Step 3: MBE Regrowth
AlGaAs (250 nm)
GaAs (100 nm)

Step 2: Ion Sputtering
(Formation of GaAs QDs)

GaAs (100) Substrate

Figure 6-1

Illustration of the steps in a typical MBE growth – Ion sputtering –
MBE regrowth process.

During the MBE growth, the Ga beam equivalent pressure (BEP) is fixed at
6.7 x 10-7 torr for the GaAs layer growth; while the Ga and Al BEPs are fixed at 4.7 x
10-7 torr and 1.1 x 10-7 torr, respectively, for the AlGaAs layer growth. The As4 BEP,
growth rate and growth temperature are kept at 1.2 x 10-5 torr, 1.0 μm hr-1 and 580 oC,
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respectively for the growth of all the layers. A Veeco ion source is used to provide the
Ar+ beam, which impinges perpendicularly onto the sample surface. The sputtering
chamber pressure is maintained below 4 x 10–4 torr by a turbo pump. The sample is
sputtered for 300 s at 1000 eV ion energy and 9 mA beam current which is equivalent
to 7.9 × 1015 cm–2s–1 beam flux.

The optical properties of the sputtering induced GaAs QDs embedded in the
Al0.25Ga0.75As confinement layers are characterized using photoluminescence. The
sample is mounted on the cold finger of a closed cycle Helium cryostat. Temperature
variation from 4 K to 300 K is achieved with the use of a temperature controller. The
excitation wavelength is the 5145 Å line of an Ar+ laser, and the PL signals are
detected using a liquid nitrogen cooled Ge detector in conjunction with a standard
lock-in technique.
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6.5

Results and discussion of the PL measurement

Figure 6-2

Temperature

dependent

PL

of

the

sputtering

induced

GaAs/Al0.25Ga0.75As QDs at 3.06 Wcm-2 excitation density. The left
peaks originate from the Al0.25Ga0.75As confinement layers, whereas the
right peaks are attributed to the quantum confinement in the GaAs QDs.

Figure 6-2 shows the PL spectra of the sample from 6.5 K to 78 K under
constant excitation density of 3.06 Wcm-2. Figure 6-3(a) is the AFM image of the
uncapped ion sputtered GaAs surface, which was prepared under similar conditions as
the sample used in the PL measurement. The sputtering induced QD lateral size
distribution extracted from the AFM data shown in figure 6-3(a) is presented in figure
6-3(b).
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(a)

Figure 6-3

(b)

(a) AFM image of the uncapped GaAs (100) surface after sputtering. (b)
Histogram of sputtering induced QD base diameter.

Two dominant sharp PL energy peaks are observed in figure 6-2. To
understand the origin of the two groups of energy peaks, let us consider the
temperature T = 6.5 K as an example. From the compositional analysis in Eq. (6-1)
with Eg being the bandgap energy and x being the aluminum composition, the left
energy peak at 676 nm is found to be due to AlxGa1-xAs with x = 25.3%. This
composition is close to the nominal Al composition of 25%, and therefore this energy
peak is attributed to that from the Al0.25Ga0.75As confinement layers.
Eg ( AlGaAs)  1.519  1.247 x  0.0005405

T2
T  204

(6-1)

The right energy peak at 720 nm can be analyzed by applying the quantum
box model with infinite barrier height. If Lz represents the QD height in the growth
direction, Lx and Ly represent the QD diameter, and considering only the electron
ground state Ee1 and heavy hole ground state Ehh, then the QD inter-band transition
can be written as [91]:
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Eg (6.5K )  EGaAs (6.5K )  Ee1  Ehh

(6-2)

where
Ee1( hh ) 

2

2

*
e1( hh )

2m

[(

1 2
1
1
)  ( )2  ( )2 ]
Lz
Lx
Ly

(6-3)

with EGaAs(6.5 K) = 1.519 eV, me1(GaAs) = 0.067mo, mhh(GaAs) = 0.34mo, Lz = 6.1
nm and Lx = Ly = 23 nm. Here me1 is the electron effective mass, mhh is the heavy hole
effective mass, and mo is the electron rest mass. The analytical result is in good
agreement with the QD lateral size distribution in figure 6-3(b). Hence, the results
show it is the quantum confinement effect in the sputtering induced GaAs QDs that
accounts for the right PL energy peak.

A remarkable effect was observed in the plot of the GaAs QD
photoluminescence linewidth as a function of temperature. For each temperature, the
PL peak energy shown in figure 6-2 can be fitted by one Gaussian shape which
suggests one predominant size in the dot formation. According to the fitting results,
the temperature dependence of FWHM was extracted and shown in figure 6-4. Within
the temperature range from 6.5 to 70 K, the linewidth shows a remarkable relationship
with increasing temperature. It can be clearly seen that as the temperature increases,
FWHM tends to reduce and then increase. This behavior has been observed previously
and explained qualitatively by Marzin et al. based on thermionic emission of the
photocarriers out of the quantum dot potential [92]. However, the thermionic emission
model is not able to predict the exact variation.
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Figure 6-4

FWHM of the GaAs QD photoluminescence peaks shown in figure 6-2
as a function of temperature.

One additional mechanism can be applied to explain the temperature
dependent FWHM behavior. At very low temperature (typically around 6.5 K), the
slight inhomogeneous distribution of QD size determines the PL line shape. This is to
say the PL energy peak arises from the emission from QDs of different sizes. As
temperature increases, the carriers become gradually thermalized in the QDs, and the
thermalized carriers begin to repopulate nearby quantum dots. Because the QD size
distributes in a Gaussian form (figure 6-3(b)), the repopulation process will occur
more frequently in QDs of predominant sizes. As a result, the PL linewidth is expected
to be reduced, and we obtained a narrower FWHM with increasing temperature. As
the temperature continues to increase, the effect of electron phonon scattering
becomes a dominant contribution. The PL linewidth starts to broaden with increasing
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temperature. This gives rise to the two-stage behavior in the temperature dependent
FWHM characteristic.

The PL signal in figure 6-2 could only be sustained up to about 78 K. In
order to understand the underlying causes of this rapid PL quenching phenomenon,
measurements of the PL spectrum as a function of excitation power were performed.
Figure 6-5 shows the variation of the PL spectrum at 4.8 K as the excitation density
increases from 0.49 Wcm-2 to 3.06 Wcm-2. As the excitation power density decreases,
the PL peak energy also decreases. In general, the emission wavelength of QDs is
independent of the excitation power due to its delta-function-like density of states
[93,94]. This is in agreement with our experiment, from 3.06 Wcm-2 to 1.53 Wcm-2,
where no peak shift was observed in spite of the change in excitation power,
indicating that the carriers are thermally excited to the ground state of the QDs. As the
excitation power drops below 1.53 Wcm-2, the PL energy peak of the GaAs QDs
blueshifts by 2 nm because of the band filling effect.
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Figure 6-5

Excitation power density dependent PL at 4.8 K of the sputtering
induced GaAs/Al0.25Ga0.75As QDs.

To further investigate the sputtering induced GaAs QDs, the integrated PL
intensity (IPL) is plotted against the excitation density in log-log scale at different
temperatures. Figure 6-6 displays four typical groups of data obtained at 13.6 K, 19.7
K, 40 K, and 60 K. The straight lines are the best linear fits to the data. The integrated
PL intensity IPL and excitation density P can be related by [95]:
I PL  P Z

(6-4)

where the value of exponent Z depends on the dominant carrier recombination process.

Z 1 indicates monomolecular recombination such as geminate recombination at low
temperature and low excitation intensity. Otherwise Z could mean a bimolecular
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recombination such as nongeminate recombination at high temperature or high
excitation intensity. Therefore, the measurements of excitation intensity dependent PL
should shed light on the nature of the electronic density of states, i.e., the

Integrated PL Intensity (a. u.)

recombination centers and their recombination mechanisms.
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Figure 6-6
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)

Log-log plot of the temperature dependent integrated PL intensity vs.
excitation density. The straight lines are best fits to the data points.
Slope Z of each line is extracted and shown. As the temperature
increases, a transition from linearity (Z = 1.14) to superlinearity (Z =
1.59) is observed.

The results presented in figure 6-6 reveals two categories of recombination
mechanisms in the sputtering induced GaAs QDs. At temperatures below 20 K, the
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variation is characterized by an almost linear behavior with slope close to 1. This
suggests the carrier loss is mainly due to nonradiative recombination via traps and
defects. At higher temperatures, typically above 40 K, the slope increases and moves
closer to 1.6. This is where the characteristic exhibits superlinear behavior. The
superlinear behavior is believed to originate from Auger assisted carrier capture which
occurs when carriers escape from the dots and eventually terminate in the barrier
material [96].

Further evidence of the recombination mechanisms can be observed from the
Arrhenius plot of IPL vs. 1/T, where T is the temperature, as shown in figure 6-7. The
integrated PL intensity stands fairly constant at low temperatures but drops drastically
above 40 K. This implies the presence of two distinct nonradiative recombination
mechanisms, which correspond to two different activation energies at their respective
temperatures [97]. The experimental data is evaluated using a model involving two
nonradiative recombination centers [98-100]:

I PL  I o (1  C1 exp(

 E1
E
)  C2 exp( 2 )) 1
k BT
k BT

(6-5)

where I PL is the integrated PL intensity; I o is the integrated PL intensity at the low
temperature limit; C1 and C2 are fitting constants; E1 and E2 are the activation
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energies at two different temperature regions; k B is the Boltzmann constant; and T is

Integrated PL Intensity (a. u.)

the sample temperature.
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Arrhenius plot of the integrated PL intensity vs. reciprocal of
temperature at 3.06 Wcm-2 excitation density. The experimental data
denoted by heavy dots are fitted by a solid curve which adopts the
model based on two nonradiative recombination mechanisms.

The solid curve in figure 6-7 is the best fit to the entire temperature range by
Eq. (6-5). Two activation energies, E1 = 3.78 meV and E2 = 36.5 meV, are obtained
from the analysis. E1 and E2 correspond to the low and high temperature ranges,
respectively. In order to comprehend the underlining recombination mechanisms, let
us now consider the GaAs/AlGaAs conduction ( Qc ) and valence ( Qv ) band offset
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parameters, which are defined as:

Qc  Ec / Eg

(6-6)

Qv  Ev / Eg

(6-7)

and

For simplicity, assuming the GaAs/AlGaAs conduction band offset is 65.8% of ∆Eg
[101], the conduction band confinement energy is then 48 meV. This value is
comparable to E2. In other words, at high temperature, the weak confinement in the
conduction band can possibly result in carrier loss from the QDs to the barrier layers.
This explanation is consistent with the superlinear behavior of the integrated PL
intensity vs. excitation density plots (figure 6-6) above 40 K, from which we
suggested the presence of Auger assisted carrier capture. Carriers could escape from
the dots and eventually terminate in the barrier material. The smaller activation energy
E1 is most likely a result of the QD size fluctuation and sputtering induced defects,
which is in agreement with the linear dependence of IPL on P described previously.

6.6

Summary
In summary, we have combined low energy ion sputtering and molecular

beam epitaxy (MBE) growth to fabricate GaAs/AlGaAs QD heterostructures.
GaAs/AlGaAs QDs are fabricated by an ion beam sputtering process. PL emission at
720 nm wavelength from the sputtering induced GaAs/AlGaAs QDs is successfully
achieved, and a detailed analysis of the temperature and excitation energy dependence
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of the PL emission is presented. Rapid quenching of the PL intensity above 40 K is
observed and studied. Analysis of the integrated PL intensity associated with the GaAs
QDs as function of excitation power density and reciprocal of temperature shows that
nonradiative recombination and Auger assisted recombination play major roles in the
recombination process.
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CHAPTER 7

EFFECT OF RAPID THERMAL ANNEALING
ON GAAS/ALGAAS QDS

7.1

Background
Self-assembled Stranski-Krastanov (SK) growth mode is commonly used for

the growth of lattice mismatched quantum dots (QDs) [102-105], e.g. InAs/GaAs QDs
[106-109]. However, in the case of lattice matched QD system, e.g. GaAs/AlGaAs
QDs, this technique is not possible. In previous chapters, QDs formed by sputtering
the semiconductor surface with a beam of energetic ions impinging under normal
incidence have been discussed. This technique is attractive due to its relative ease for
obtaining uniform high density semiconductor nanostructures. Based on this technique,
we have combined low energy ion sputtering and molecular beam epitaxy (MBE) for
the growth of GaAs/AlGaAs QD heterostructures. The temperature and excitation
density dependent photoluminescence (PL) of the GaAs/AlGaAs QDs formed by our
growth-sputter-regrowth (GSR) technique has been introduced in chapter 6. PL
intensity of the as-grown GSR GaAs/AlGaAs sample was found to be completely
quenched at temperatures higher than 80K according to our discussion earlier.

7.2

Objectives
This chapter aims to discuss the effect of rapid thermal annealing (RTA) on

the PL performance of the sputtering induced GaAs/AlGaAs QDs. Improvement in the
optical properties of the QDs following RTA has been widely studied and reported
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[27-32]. However, most works were based on the lattice mismatched In(Ga)As/GaAs
QD systems. Till now, there are only a handful of publications on the effects of RTA
on the optical properties of GaAs/AlGaAs QDs. Existing works focus primarily on
GaAs/AlGaAs QDs formed by modified droplet epitaxy (MDE) [33-35]. Therefore,
there is a need to investigate the effects of RTA on the optical properties of the GSR
GaAs/AlGaAs QDs, and more importantly, to determine the optimum annealing
conditions to obtain strong photoluminescence intensity and narrow spectral linewidth.
In addition, temperature dependent PL measurements have been performed on the QD
sample annealed at the optimum condition. The results will be discussed and
compared to that of the as-grown GSR GaAs/AlGaAs QD sample in this chapter.

7.3

Experimental procedure
The GSR GaAs/AlGaAs QD sample was grown on (100) GaAs substrate. A

100 nm GaAs buffer layer followed by 250 nm Al0.25Ga0.75As cladding layer and a
subsequent 350 nm GaAs layer were firstly grown. The Ar+ beam sputtered
perpendicularly onto the GaAs surface. The sputtering process was carried out below
4 x 10–4 torr, at 1000 eV ion energy, 7.9 × 1015 cm–2s–1 beam flux and 300 s exposure
time. The sputter induced QDs were capped by a 250 nm Al0.25Ga0.75As confinement
layer. All the epilayers were grown by solid source molecular beam epitaxy (MBE).
Since the sputter and MBE chambers were connected to the same ultra high vacuum
modular platform, no break in vacuum occurred during the fabrication process.
Minimal contamination was therefore expected.
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After the fabrication, the GSR GaAs/AlGaAs QD sample was capped with
200 nm of SiO2 deposited by plasma enhanced chemical vapor deposition (PECVD).
The sample was cleaved into smaller pieces for the subsequent RTA process. The
annealing treatment was carried out under controlled N2 ambient in a rapid thermal
processor. The annealing conditions used in the experiment are shown in Table 7-1.
The samples are labeled as-grown, 1, 2, and 3, respectively. The annealing
temperatures used for our experiment were 600 and 700 oC, which are similar to what
have been reported for the MDE GaAs/AlGaAs QDs studies [33-35]

Table 7-1

Thermal annealing conditions of the growth-sputter-regrowth
GaAs/AlGaAs QD samples

As-grown

Annealing Time (s)

Annealing Temperature (oC)

-

-

Sample 1

700
30

Sample 2
600
Sample 3

90

The optical properties of the as-grown and annealed GSR GaAs/AlGaAs QD
samples were characterized using temperature dependent photoluminescence (PL)
measurement. The samples were excited using the 5145 Å line of an Ar+ laser with
the laser power intensity fixed at 3 W/cm2. The PL signal was detected using a liquid
nitrogen cooled Ge detector in conjunction with a standard lock-in technique.
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7.4

Results and discussion
The sputtering induced GaAs QDs are presented in figure 7-1(a) and (b).

These two atomic force microscopy (AFM) images display QDs with ~20 nm base
diameter and 7 × 1010 cm–2 surface density.

(a)

(b)

500.00 nm

Figure 7-1

(a) AFM image of the sputtering induced GaAs QDs with an average
diameter of ~20 nm and surface density of 7 × 1010 cm–2. (b) 3D
surface plot of the GaAs QDs. The displayed area is 665 × 665 nm2.

Figure 7-2 shows the PL spectra of the as-grown sample, and samples
annealed at 600 oC for 30 and 90 s (i.e. samples 2 and 3), respectively. Figure 7-3
shows the PL spectra of the as-grown sample, and samples annealed for 30 s at 600
and 700 oC (i.e. samples 2 and 1), respectively. The PL measurement temperature for
both figures is 5 K. Figure 7-2 and figure 7-3 show the effects of annealing time and
temperature on the PL spectra of the GSR GaAs/AlGaAs QD samples, respectively.
As explained in chapter 6, the PL peaks at ~676 nm are attributed to the Al0.25Ga0.75As
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layers, while the PL peaks at ~725 nm originated from quantum confinement effect in
the sputter induced GaAs QDs.

25
o

PL Intensity (a.u.)

20

Sample 2 (600 C, 30s)
o
Sample 3 (600 C, 90s)
As-grown

GaAs QD Peak

15

AlGaAs Peak
10

5

0
660

670

680

690

700

710

720

730

740

Wavelenghth (nm)

Figure 7-2

PL spectra of sample 2 (annealed at 600 oC for 30 s), sample 3
(annealed at 600 oC for 90 s), and the as-grown sample. The data was
collected at 5 K. The PL peaks appearing near 676 nm are attributed to
the AlGaAs cladding layers, while the PL peaks appearing near 720 nm
are attributed to the GaAs QDs.
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5

0
660

670

680

690

700

710

720

730

740

Wavelength (nm)

Figure 7-3

PL spectra of sample 2 (annealed at 600 oC for 30 s), sample 1
(annealed at 700 oC for 30 s), and the as-grown sample. The data was
collected at 5 K.

As seen in figure 7-2 and figure 7-3, improvement in the PL intensities of all
the annealed samples, as compared to the as-grown sample, can be observed. For
example, the GaAs QD peak intensity of the as-grown sample is lower than that of the
Al0.25Ga0.75As peak intensity, thus giving a GaAs/Al0.25Ga0.75As integrated PL (IPL)
intensity ratio value of 0.62. However, the IPL intensity ratio is significantly improved
after thermal annealing, with the GaAs QD peak intensities of the annealed samples
overtaking their AlGaAs counterparts. This improvement features an IPL intensity
ratio of approximately 2.0 for all the annealed samples, suggesting that the radiative
efficiency of the GaAs QDs is approximately two times stronger than that of the
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Al0.25Ga0.75As cladding layer after RTA. We believe that the improvement in the
radiative efficiency of the GaAs QDs is due to annihilation of the interfacial defects
between the GaAs and Al0.25Ga0.75As layers. The interfacial defects usually include the
interface roughness, point defects as well as the dislocation, caused by strain from
lattice mismatch, during the growth. They can be minimized through material growth
optimization.

Figure 7-4 shows the full width at half-maximum (FWHM) and integrated
PL (IPL) intensity of the GSR GaAs/AlGaAs QDs as function of RTA conditions. For
long annealing time (region I), a considerably constant and high IPL intensity is
obtained. However, the 16 meV FWHM from sample 3 is broader than that of the asgrown sample (14 meV). At high annealing temperature (region II), one obtains a
fairly narrow FWHM of 13 meV, but this is accompanied by strong degradation in the
PL intensity even though the IPL intensity of sample 1 is significantly higher (~ 3
times) than that of the as-grown sample. Therefore, the most appropriate annealing
condition lies in the shorter time and lower annealing temperature range. Under
annealing condition of 30 s and 600 oC, relatively uniform QD size distribution
(narrow FWHM) and remarkably high radiative efficiency (strong IPL intensity) can
be achieved. Therefore, further temperature dependent PL measurements are
performed on this optimized QD sample (sample 2).
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Figure 7-4

Comparison of different annealing conditions in terms of FWHM and
IPL intensity. FWHM and IPL intensity of the as-grown sample are
marked in circles on the two vertical axes. With increase in annealing
time (region I), the IPL intensity is relatively unchanged, but the FWHM
becomes higher than that of the as-grown sample. With increase in
annealing temperature (region II), the FWHM remains constant.
However the IPL intensity drops drastically. The optimized condition is
therefore 600 oC and 30 s.
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Figure 7-5 shows the temperature dependent PL characteristics of sample 2.
As shown in the inset, PL emission from the GaAs QDs is clearly visible at 110 K,
while the AlGaAs PL peak is overwhelmed by noise. This is a significant
improvement compared to our previous discussion in chapter 6, in which we reported
the PL signal quenches rapidly above 40 K and could only sustain up to 78 K.
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Figure 7-5

Temperature dependent PL spectra of sample 2 (annealed at 600 oC for
30 s). The PL intensity decreases as the measurement temperature
increases. The inset shows the emission spectrum at 110 K. The PL
emission from the GaAs QDs is much stronger than that of the AlGaAs
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layers at 110 K.

Figure 7-6 presents the Arrhenius plots of sample 2 and the as-grown QD
sample. The experimental data is represented by the solid symbols, and the theoretical
fitting based on two nonradiative recombination centers [98,99] is presented by the
curves. For sample 2, the extracted activation energies are E1 = 6.2 + 0.9 meV and E2
= 37.5 + 2.5 meV. At the low temperature range, the activation energy E1 is likely due

IPL (a.u.)

to QD size fluctuation and nonradiative recombination via defects.

1
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As-grown
Best fit (sample 2)
Best fit as-grown)
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200

1000/T
Figure 7-6

Arrhenius plots (IPL intensity vs. 1000/T) of sample 2 and the asgrown sample. The experimental data is denoted by the solid symbols,
whereas the theoretical fitting based on two nonradiative recombination
centers is represented by the curves. Two activation energies E1 = 6.2 +
0.9 meV and E2 = 37.5 + 2.5 meV, are extracted from this analysis.
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If the GaAs/AlGaAs conduction band offset is assumed to be 65.8% of the
band gap offset [101], we can draw the following band diagram:

Ee1

159 meV

207 meV

1834 meV
1519 meV

Ehh

Figure 7-7

32 meV

107 meV

Energy band diagram of the GaAs/AlGaAs QDs

Since the activation energy E2 is comparable to the GaAs/AlGaAs
conduction band confinement potential energy, PL quenching at high temperature is
likely to arise from the thermally induced escape of electrons due to the shallow
GaAs/AlGaAs conduction band confinement potential energy. Due to this reason, the
conduction band discontinuity should be large in order to realize room temperature
emission from the GSR GaAs/AlGaAs QDs. This can be achieved by increasing the
Al concentration in the AlGaAs cladding layer, which will result in higher
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confinement potential for both carriers, more importantly for the electrons.

The activation energy of sample 2 (E2 = 37.5 + 2.5 meV) is comparable to
that of the as-grown sample (E2 = 36.5 + 2.1 meV). This suggests that the energy band
structure of the GSR GaAs/AlGaAs QDs experiences negligible modification after
thermal annealing. Further evidence can be seen from the PL spectra in figure 7-2 and
figure 7-3, where the GSR GaAs/AlGaAs QDs did not exhibit significant blueshift of
the PL peak energy with respect to the as-grown sample. This observation is different
from the results reported for MDE GaAs/AlGaAs QDs where the blueshift of the PL
peak energy is as large as 110 meV at annealing temperature of 720 oC [33].

The low temperature used in the MDE growth technique tends to introduce
defects and stoichiometric composition into the GaAs/AlGaAs QD samples [110].
Such disordering in the material causes significant intermixing upon annealing
[34,110], resulting in blueshift of the GaAs PL peak energy. On the other hand, the
GaAs/AlGaAs QDs fabricated using the growth-sputter-regrowth (GSR) technique are
grown at the optimum MBE substrate temperature for the respective layers, which
greatly improves the crystalline quality of the material. No distinguishable blueshift of
the GaAs PL peak energy is observed from the annealed GSR GaAs/AlGaAs QD
samples, implying negligible intermixing between the GaAs QDs and the AlGaAs
cladding layers. This is to be expected since the Ga and Al inter-diffusion in
conventional MBE grown GaAs/AlGaAs heterostructures only becomes significant at
temperatures exceeding 800 oC [111]. Therefore, the RTA conditions applied to the
GSR GaAs/AlGaAs QD samples can improve the radiative efficiency without
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introducing significant intermixing between the GaAs QDs and AlGaAs cladding
layers. Most importantly, our results indicate that the GSR technique is very attractive
for researchers who aim to improve the radiative efficiency of the GaAs/AlGaAs QDs
by RTA without incurring large undesirable blueshift in the PL peak energy.

7.5

Summary
The effects of rapid thermal annealing on the optical properties of growth-

sputter-regrowth (GSR) GaAs/AlGaAs QD samples are investigated. While
improvement in the optical properties is observed in all the annealed QD samples,
narrow spectral width (0.92 times of the as-grown sample) and strong
photoluminescence intensity (5.2 times of the as-grown sample) are obtained from the
GSR GaAs/AlGaAs QD sample annealed at 600 oC for 30 s. Activation energies
extracted from the Arrhenius plots suggest that PL quenching at high temperature is
due to thermally induced escape of electrons arising from the shallow GaAs/AlGaAs
conduction band confinement potential energy. Unlike the GaAs/AlGaAs QDs grown
by modified droplet epitaxy (MDE), the GSR GaAs/AlGaAs QDs exhibit negligible
band structure modification after thermal annealing. Furthermore, no distinguishable
blueshift of the GaAs PL peak energy is observed from the annealed GSR
GaAs/AlGaAs QD samples.
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CHAPTER 8

CONCLUDING REMARKS AND
RECOMENDATION FOR FUTURE WORKS

8.1

Conclusions
This thesis elaborates systematic investigations and characterizations of

nanostructures formation and modification induced by ion sputtering on a
semiconductor platform. As discussed in the previous chapters, the ion sputtering
technique is a rather extensive topic. It is a great honor for the author to make his
contribution which may afford some outlook and perspective on this rapidly evolving
field.

The first objective in this project is to study the microscopic dynamics of the
semiconductor surface undergoing ion impingement. Due to the promising
controllability and minimal damage creation on the substrate, low ion energy Ar+
sputtering is adopted in the investigation. GaAs, because of its proven importance in
the fundamental quantum effect studies, is selected to be the semiconductor platform
on which extensive experimental activities are carried out. This research work also
fills the current research gap that the knowledge of GaAs QDs generated by ion
sputtering is still elusive. The Ar+ sputtering induced GaAs(100) surface morphology
evolution below 1200 eV ion energy is investigated subsequently in detail. The
sputtered surface is examined and analyzed by AFM. It has been found that when the
ion energy is in the low eV range, no regular surface patterns can be observed.
Nanograins mixed with irregularities are found to develop and grow with increasing
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ion energy above the mid eV energy, typically 600 eV in this series of experiment.
Uniform and regular QDs can be obtained typically at ion energies near 1000 eV. The
energy dependent dot evolution is evaluated based on solutions of the isotropic
Kuramoto-Sivashinsky (KS) equation. The measured dot characteristic wavelength
2m
exhibits a power law dependence on the sputtering energy according to lc  2 .

The factor m has been graphically determined to be 0.39, which is theoretically
reasonable because m is typically around 1/3 in the upper eV and lower keV range.
The result reveals that ion energy is one dominant factor that influences the QD
formation process when the semiconductor surface is sputtered at low ion energy. Our
study has proven the feasibility to fabricate GaAs QDs using low energy ion
sputtering, and this fabrication process can be well controlled by the energy dependent
QD formation model.

An important step towards the understanding of the QD formation process is
a study of the sputtering time dependence of the QD size evolution, because time
plays a critical role in the QD size development as well as the surface pattern
uniformity and periodicity. In addition, the behavior of surface morphology temporal
evolution beyond the QD saturation state has eluded scientific proof and discussion. A
complete picture of the temporal QD evolution is needed in order to investigate the
optimum time range for QD formation. Our second objective is therefore to study the
temporal evolution of sputtering induced QDs. We have presented a detailed study of
temporal evolution of sputtering induced GaAs QDs at low ion energy. The data has
been analyzed quantitatively with respect to roughness, uniformity and base width.
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For short sputtering times, the QDs develop and grow with increasing time. For long
sputter times an increase in the uniformity and ordering of the dots can be observed.
The QD density and uniformity are found to be optimized during QD saturation. When
the ion energy is maintained at 1000 eV, the surface morphology is found to saturate
with high dot uniformity at 3600 s sputtering time. At longer sputtering times, the
surface pattern becomes significantly disordered with fluctuations of ~28 nm and ~24
nm in dot height and base width, respectively. The transition between the stabilized
saturation state and unstable post saturation state was studied and characterized by
several quantities; most notably there was significant deterioration in pattern
uniformity, increase in surface RMS roughness and reduction in dot density. Scaling is
an important concept used to study various roughening processes. However in the
context of sputtering induced QDs, such scaling theories still remain a formidable task.
During our investigation, a scaling law lc  t  that predicts and connects experimental
quantities and physical exponents is developed based on the Family-Vicsek scaling
relation and the Kardar, Parisi and Zhang (KPZ) equation. The growth exponent 
extracted at 700, 850 and 1000 eV are 0.24 + 0.05, 0.26 + 0.06 and 0.21 + 0.04,
respectively. These numbers are comparable in magnitude suggesting the surface
evolution is governed by the same scaling mechanism. For sputtering times longer
than 3600 s at 1000 eV,  becomes 1.82 which is approximately 8 times greater than
those obtained at shorter sputtering times at all ion energies. This is a sign of the
surface feature leaving the saturation state and resuming growth. This big  value
reveals the dominance of bigger dots at large time scales and is responsible for the
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distinct dot expansion.

Another significant finding is the temporal evolution of dots formed at lower
ion energies exhibit a similar trend as that observed at 1000 eV. However the surface
morphology develops in a smaller size scale. It is worth noting that it takes longer time
for smaller energies to achieve the same QD size formed at higher energies. In other
words, the temporal development of lc can be shifted by ion energy. The amount of
this shift depends on the ion energy according to a power law. It therefore provides
2m
evidence for the validity of applying the energy dependent scaling model lc  2

in our analysis. This scaling law allows us to understand the role of ion energy in the
temporal evolution. The temporal evolution of lc ( lc  t  ), from the early stage to dot
saturation, is indeed shifted by ion energy according to the power law dependence

lc   2m . Based on the experimental results, we therefore propose a power law model
( lc  t    2m ) to interpret the correlation between sputtering time and energy as well
as their impact on the evolution of lateral dot size. The sputtering time and energy
scaling model (the t   model) is proven to be in good agreement with experimental
data. This model provides two tuning parameters to researchers who are interested in
fabricating sputtering induced nanometer dots. Moreover, different sputtering time and
energy combinations (e.g. 1800 s + 1000 eV, 3600 s + 850 eV, and 5400 s + 700 eV)
can be used to fabricate GaAs QDs with the same characteristic wavelength (e.g. 30
nm) depending on the fabrication preference and limitations. Furthermore, the energy
consumption in the QD fabrication process can also be estimated and optimized using
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the

t 

model.

The

total

energy

consumption

can

be

expressed

as

Ec  lc   12 m /   I . From Sigmund’s sputter theory it is known that m is near 1/3 for
low energy ion sputtering. The growth exponent  is typically around 1/4 according
to our earlier discussion and experiment. Hence Ec is inversely proportional to ion
energy  (or the beam voltage). This is to say to obtain a certain QD characteristic
wavelength lc at a given beam current I, the combination of high beam voltage and
short sputtering time consumes less energy. The t   model therefore helps to make
the QD fabrication process more cost effective and time saving.

The high uniformity and the regular long range ordering of the QDs on
semiconductor surfaces induced by ion sputtering provide the possibility for
fabricating optoelectronic devices. In order to study the optical properties of sputtering
induced QDs, we have proposed a novel fabrication technique by combining ion
sputtering and MBE growth. This growth-sputter-regrowth (GSR) technique makes it
possible to form QDs by ion sputtering a sample sandwiched by higher bandgap III-V
epitaxial semiconductor cladding layers grown by molecular beam epitaxy. It gives the
option to generate isolated dots with three dimensional confinement for future
optoelectronic devices in a cost effective and efficient way. In summary, the
GaAs/AlGaAs quantum dots (QDs) are fabricated by low energy ion beam sputtering
and molecular beam epitaxy (MBE) regrowth. Temperature (6.5 K to 78 K) and
excitation power density (0.49 Wcm-2 to 3.06 Wcm-2) dependent photoluminescence
(PL) measurements are presented and discussed in detail. PL emission with 720 nm
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wavelength from the sputtering-induced GaAs/AlGaAs QDs is successfully achieved,
and a detailed analysis of the temperature and excitation energy dependence of the PL
emission is presented. The low-temperature PL emission at 720 nm is attributed to
GaAs QDs with height of ~ 6.1 nm and base width of ~ 23 nm, based on a quantum
box model with infinite potential barrier. The calculated QD dimensions are in good
agreement with those obtained from the atomic force microscopy (AFM) analysis.
However, the temperature dependent PL emission could only sustain up to about 78 K.
In order to understand the underlying causes of this rapid intensity quenching
phenomena, the excitation power dependent PL measurement is performed. According
to the relationship between integrated PL and excitation power density I PL  P Z , for
temperatures below 20 K, an almost linear behavior is characterized by slope close to
1. This suggests nonradiative recombination via traps and defects. At higher
temperatures, typically above 40 K, the slope increases and moves closer to 1.6. The
superlinearity is attributed to Auger assisted capture when many carriers escape from
the dots and eventually terminates in the barrier material. This conclusion is also
supported by the two activation energies namely E1 = 3.78 meV and E2 = 36.5 meV
extracted from the analysis. At high temperature there is weak confinement in the
conduction band and therefore carriers can possibly escape from the QDs and reach
the barrier material. This explanation is consistent with the superlinearity tendency
above 40 K. The smaller energy E1 is believed to be a result of the QD size fluctuation
and defects, which is in agreement with the linear dependence of IPL on P.

With the understanding of the nonradiative recombination mechanisms in the
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GSR QDs, the effects of rapid thermal annealing on the optical properties of growthsputter-regrowth (GSR) GaAs/AlGaAs QD samples are investigated next. While
improvement in the optical properties is observed for all annealed QD samples, both
photoluminescence (PL) intensity and spectral linewidth are found to be optimized at
600 oC annealing temperature and 30 s annealing time. Two activation energies, E1 =
6.2 + 0.9 meV and E2 = 37.5 + 2.5 meV, are extracted from the temperature dependent
PL of the optimized sample. Since E2, which is responsible for the PL intensity
quenching at higher temperature, is comparable to that of the as-grown sample, the
GaAs/AlGaAs QDs undergo minimum energy band structure modification and
therefore negligible inter-diffusion. This is consistent with the subtle blueshift in the
QD energy peak after annealing. The result is significant for applications that aim to
improve the radiative efficiency of the GaAs/AlGaAs QDs by RTA without
introducing large undesirable blueshift.

8.2

Recommendations for Future Research

8.2.1

The role of sample rotation on QD formation by ion sputtering
This thesis has demonstrated the QD fabrication technique using a beam of

energetic ions impinging at an angle perpendicular to the substrate surface. This has
been shown to be a more efficient means for producing uniform high density
semiconductor nanocrystals, as compared to methods such as epitaxy, lithographic
techniques, colloidal synthesis, electrochemical techniques, and pyrolytic synthesis. It
has also been shown recently that dot formation is possible for off-normal ion
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bombardment under concurrent sputtering and sample rotation [79,112]. The
Kuramoto-Sivashinsky (KS) continuum equation under oblique ion incidence with
simultaneous sample rotation is believed to offer the self-organized formation of dots
by ion sputtering for a large variety of different ion/material combinations. It has also
been reported that the uniformity of dots can be enhanced by sample rotation, and
different materials exhibit the same scaling of the dot characteristics with sputter time.
However for other choices of the reported sputtering conditions, simulation results
reveal patterns which have not been observed experimentally so far. In particular, it
has been found that transitions in time from one kind of surface structures (e.g.
quantum holes) to other structures (e.g. non-oriented structures) can be explained only
by the presence of nonlinear effects. Hence, it is necessary to carry out more
sputtering experiments with different ion and/or substrate types and under different
conditions to verify whether the structures predicted by simulations can indeed be
formed experimentally.

8.2.2

Growth of III-V QDs on Si substrate with artificial topography by ion
sputtering
Self-assembled III-V QDs (e.g. GaAs) on Si-based substrates offer the

possibility of combining high speed optoelectronic GaAs devices with Si integrated
circuit technology. Fabrication of QDs has been accomplished with a variety of
techniques, and the main objective is to fabricate QDs with uniform size and shape
and to improve the optical properties of the QDs. It has been proposed that ripples can
serve as a template for QD growth by a combination of deliberate nanopatterning and
125

CHAPTER 8

self-assembly [113]. This can be applied to fabricate III-V QDs on Si substrates. Low
energy ion bombardment is an ideal technology to form the ripples with typical length
scales of 10–1000 nm to serve as nucleation sites for clusters [15]. The growth of
GaAs quantum dots on Si (001) surface with artificial topography has been
demonstrated by radio frequency sputtering [113]. It was found that the low energy
ion bombardment of Si surface provides a nanopattern for the nucleation of dots and it
is an effective method for controlling the dot size and distribution. However there
exists a weak photoluminescence peak of GaAs QDs growing on Si (001) surface with
artificial topography. Furthermore the growth of GaAs QDs is initiated from the
nucleation of small dots inside the ripples followed by the Stranski-Krastanow growth
mode. Therefore it is worthwhile to investigate the feasibility of combining the
nanopatterning and MBE self-assembled growth. This method can be proven useful
for integrating high speed optoelectronic III-V devices with Si integrated circuit
technology.

8.2.3

Improvement in the QDs fabricated by the Growth-Sputter-Regrowth
technique
Despite the promising results, the photoluminescence emission from the

GaAs/AlGaAs QDs fabricated by the growth-sputter-regrowth (GSR) technique is still
considerably low. With respect to the potential of this technique for device fabrication,
ion induced defects have to be considered. These defects are sources of nonradiative
recombination and therefore strongly deteriorate the optical and electrical properties.
They must be reduced before devices can be fabricated. Possible methods are
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annealing, surface passivation, and chemical etching. Chemical etching of the dots
appears feasible because it leads to enhanced photoluminescence efficiency [114]. The
result of chemical etching treatment of QDs shows removal or passivation of surface
states, hence band edge luminescence with high quantum yield and reasonably short
lifetimes can be achieved. It is therefore recommended that the sputtering induced
QDs should undergo a chemical etching process before subsequent MBE growth.
Furthermore, since the PL quenching at high temperature is likely to arise from the
thermally induced escape of electrons due to the shallow GaAs/AlGaAs conduction
band confinement potential energy, the conduction band discontinuity should be made
larger. This can be achieved by increasing the Al concentration in the AlGaAs
cladding layer, which will result in higher confinement potential for the carriers in
order to realize room temperature emission from the GSR GaAs/AlGaAs QDs.
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