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ABSTRACT

Quantum dots, due to their small size, portray unique optical properties that are
different compared to those of the bulk material. The most apparent of these properties is
the excitation of these dots, resulting in emission of photons, which are visible to the
human eye as light. More interestingly, the wavelength of these photon emissions does
not solely depend on the type of material from which the quantum dot is made; in
addition, it depends on the size of the quantum dots. The dots can also be tuned
accordingly to emit into the UV or into the infra-red. The colloidal synthesis of
CdSe/zZnS quantum dots is presented, to describe their incorporation into nanovoids
formed on GaSh membranes. Nanoscale etch-pit formation on GaSb surfaces happens as
a result of arsenic (As,) based in situ etch technique. The effect of in situ etch technique
leading to the formation of the nanovoids was studied. Atomic force microscopy,
scanning electron microscope, and transmission electron microscopy were used to

characterize the GaSb surface, to investigate the internal structure of the voids, and to



determine the average size dimensions of the voids, and the void density. Furthermore,
experiments and measurements were carried out to check the ability of the quantum dots
to fluoresce at the high regrowth temperatures inside the molecular beam epitaxy system.
CdSe/ZnS quantum dots were used, considering their high stability over time. The
quantum dots were further annealed at different temperatures, and optically characterized
to investigate if the core-shell structure changed as a result of the high temperature.
Encapsulation of these quantum dots into the highly faceted nanovoids offer potential

applications for quantum-confined ensembles.
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Chapter 1

Introduction

Semiconductor nanocrystals, also known as quantum dots, have attracted considerable
attention as an important new class of materials. A fundamental understanding of the
physical and electronic properties of this prototypical material that arises from shrinking
dimensions to the nanoscale, is described in the first section of this chapter. Besides
providing a rich platform for exploring a new phenomenon, the ease of fabricating
guantum dots from the solution-phase, and the ability to chemically engineer them to
exhibit a wide range of spectral tunability, has led to the emergence of novel technologies
in lighting solutions, sensitive photodetectors, solar energy conversion, biological and
biomedical fluorescence imaging, labeling, drug delivery, and photodynamic tumor
treatment, and cancer radiation therapies. Some of these current and potential

applications are presented towards the end of this chapter.

1.1. Quantum dots: Properties and advantages

Quantum dots were first discovered in the early 1980s by Russian physicist Alexie
Ekimov in a glass matrix, and by American chemist Louis E. Brus in colloidal solutions.
A quantum dot is a semiconductor nanomaterial which has a structure that restricts the
motion of electrons and holes in the conduction and valence bands, respectively, in all

three spatial directions. The confinement can be due to one, or a combination of, the
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following reasons: (a) electrostatic potentials due to doping, strain, impurities or external
electrodes, (b) energy bandgap difference between two or more semiconductor materials
(such as in the case of core-shell nanocrystal systems), (c) and/ or the presence of a
semiconductor surface (e.g. a semiconductor nanocrystal) (Mukherjee and Das, 2011).

Their size typically range from 2 to 20 nm (Talapin et al., 2010).

(a) CdSe Bulk Semiconductor (b) CdSe Quantum Dot (QD)
1D(e)

_-—1P(E}I

Conduction
Band
e e
S " Ln |
, L\ N E,(bulk)
2 ‘f“' —
Tk '¢
<
. Valence
band
(c) (d)
}2x2
£4(QD) = Ego+ g
alr =
g
oy =720 2
T+, 2
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m, = effective hole mass E (bulk)  E(QD)

Phaton energy

Figure 1.1: Difference in the energy bandgap structure of semiconductors and quantum dots: (a)
A bulk semiconductor, such as CdSe, has continuous conduction and valence energy bands
separated by a “fixed” energy gap, Eg (bulk). Electrons normally occupy all states up to the edge
of the valence band, whereas states in the conduction band are empty. (b) A QD is characterized
by discrete atomic-like states with energies that are determined by the QD radius R. These well-
separated QD states can be labeled with atomic-like notations, such as 1S, 1P, and 1D. (c) The
expression for the size-dependent separation between the lowest electron and hole QD states—Eqg
(QD), the QD energy gap—was obtained with the spherical “quantum box” model; men (d) This
schematic diagram represents the continuous absorption spectrum of a bulk semiconductor (black
line) compared with a discrete absorption spectrum of a QD (colored bars) (Klimov, 2010).



The electronic properties of quantum dots are between those of bulk semiconductors and
discrete molecules. Among the characteristics distinguishing a semiconductor from a
quantum dot is the energy bandgap structure between edges of the conduction and
valence bands energy, as shown in Figure 1.1. The semiconductor emits light whose
frequency, and hence the color, depends on the gap width. When bulk semiconductors of
macroscopic sizes are considered, the material’s identity determines the energy gap. In
this case the gap is a fixed parameter. But nanoscale semiconductor materials of around
10 nm sizes exhibit a different scenario. This range of size is of significance as it refers to
the quantum confinement zone. Here, the spatial extent corresponding to the electron
wave function becomes comparable to the dot size. As the electrons are confined by the
small particle size, their energy levels are ‘tuned’. This observed phenomenon is the
qguantum-size effect, and contributes significantly in QDs. This means that when
nanocrystals are made very small so that they approach the Bohr radius, which is the size
of an exciton in a bulk semiconductor material, they exhibit quantum confinement. Efros
and Efros suggested a simple ‘quantum box’ [Efros and Efros, 1982] model to describe
the quantum-size effect. In this model, the electron movement is restricted in X, y and z
directions by impenetrable walls. For a spherical QD with radius R, this model
anticipates that a size-dependent factor relating to the energy gap is simply proportional
to 1/R% This means that the gap increases as the QD size decreases. Quantum
confinement leads to a breakdown of the continuous energy levels of a bulk material into
discrete energy levels. This leads to a discrete absorption spectrum of QDs, which
contrasts with the continuous spectrum of a bulk semiconductor. Therefore, a quantum

dot has a discrete quantized energy spectrum.



The presence of discrete quantum levels gives rise to the interesting and useful properties
observed in quantum dots. This indicates that the quantum dots can emit at different
wavelengths, as the size of the quantum dot is varied. The smaller the nanocrystal is, the
larger the spacing between the energy levels. This larger energy gap leads to a shorter
wavelength of fluorescence. For semiconductor nanocrystals, controlling the size of the
QDs can, therefore, allow us to control precisely the color at which they emit (Kim et al.,

2013). This is one of the most significant advantages of a nanocrystal.

Another major advantage of producing nanoscale crystals is the reduction in crystal
defects. We know that the probability of the number of defects in a crystal or lattice is
proportional to the size of the crystal. Thus, nanocrystals are less likely to have defects in
comparison with bulk crystals. This allows production of high quality fluorescent nano-

crystals.

1.2. Inorganic luminescent nanocrystal quantum dots

The nanocrystal quantum dots can be made from organometallic compounds. They are
composed of a semiconductor capped with an organic layer. This organic capping helps
prevent uncontrolled growth of the nanocrystals and prevents agglomeration of the
particles. It also helps the QDs to be chemically manipulated as if they were big-sized
molecules and the solubility and reactivity of the nanocrystals is determined by the type
of organic molecules used. The capping also terminates any dangling bonds present on
the semiconductor surface. Presence of any dangling bonds reduces the efficiency of
emission of the QDs through a loss mechanism, where the electrons are trapped at the

semiconductor surface before they are able to emit a photon. Synthesis of colloidal
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nanocrystals can be done with nearly atomic precision from a nanometer to about 10 nm.
Because of the quantum-size effect, this ability to tune the quantum dot size translates
into a means of controlling various quantum dot properties, such as emission and
absorption wavelengths. For example, the emission of cadmium selenide (CdSe) QDs, as
shown in Figure 1.2, can be tuned from blue to deep red by an increase in the dot radius

from 2 to 8 nm (Murray et al., 1993).

2 Nnm = » 8 Nm

Figure 1.2: Colloidal quantum dots irradiated with a UV light. Different sized quantum dots emit
different color light due to quantum confinement (Bawendi, 2014).

1.3. Applications of quantum dots

The electrical and optical properties possessed by quantum dots have sparked a lot of
interest in the electronics as well as the medical industry. These distinctive properties of
nano-sized particles are primarily due to the very high surface to volume ratios for the
particles and their quantum-size effects. The unique size-tunable emission property,

strong light absorbance, bright fluorescence, high quantum yield and broad absorption



spectra have made quantum dots very attractive as biological probes for molecular
recognition, fluorescent labeling of biological cells (Cheki et al., 2013), drug delivery
(Gao et al., 2004), and therapeutic applications (Yaghini et al., 2009). Other potential
applications include bio-analytical assays for diagnosis of diseases, ionizing radiation

detection and nanophosphors for solid-state lighting and display.

1.3.1. Biomedical fluorescent labeling and imaging

Among the various applications of quantum dots, biomedical fluorescent imaging has
generated the most interest. A quantum dot can be engineered to bind to a specific bio-
molecule by modifying the surface ligands. The fluorescence from the dot can then be
used to image the location of the molecule in the body, or to investigate its environment.
This can be particularly useful in cancer diagnosis, where the quantum dot is tailored to
bind to specific DNA sequences associated with the cancer. When the dots are then
excited, the cancer-associated DNA sequences would be visible for examination. The
ability of the dots to image, and locate multiple molecular targets in parallel, is an
extremely powerful biomedical tool, specifically in cancer diagnosis, where early

detection depends on identifying a substantial number of genes and proteins.

In contrast to conventional organic dyes and fluorescent proteins, the QDs have broad
absorption bands. This means a single light source is sufficient in exciting multiple QDs.
This significantly simplifies instrumental design and increases the speed of detection.
Furthermore, the QD emission bands are observed to be narrow, (can be as narrow as 20
nm in the visible range). This in principle enables distinct signals to be detected

simultaneously with minimal cross talk. Fluorescent proteins, on the other hand, have

6



narrow absorption bands and relatively wide emission bands, which lead to difficulty in
separating signals from distinct fluorophores. Moreover, the colloidal quantum dots are
highly stable against photobleaching, unlike organic dyes. This makes them more suitable
for monitoring in biological systems for a longer duration (Smith et al., 2006). Yet
another advantage of QDs over organic dyes is their ability to fluoresce 10-20 times
stronger than organic dyes. This brings forth sensitive detection of analytes in lower
concentrations, which are deemed significant for sparsely distributed cancer markers

(Bruchez Jr., 1998; Chan, 1998).

In 2003, Wu et. al. (Wu et al., 2003), at “Quantum Dot Corporation”, Hayward CA,
reported the development of quantum dot based biological probes to specifically label the
breast cancer marker Her2. Her2 is a cell-surface receptor and the probes were used on
fixed and live cancer cells from mouse mammary glands. The authors, also, reported that
the two different colored probes could light up distinct cellular components, as they
observed with Her2 on the cell surface and proteins in the nucleus. The QD based probes

fluoresced more brightly than comparable organic dyes.

Figure 1.3: Breast cancer cells are labeled with a quantum dot conjugate. The breast cancer
marker Her2 was detected on the cells with a combination of the drug Herceptin, biotinylated
goat anti-human immunoglobulin G, and quantum dots conjugated to streptavidin (Wu et al.,
2003).



1.3.2. Potential application: Nanophosphors for solid-state lighting

White LEDs are produced by combining inorganic phosphors such as cerium-doped
yttrium aluminum garnet (YAG: Ce) with blue indium gallium nitride (InGaN) light-
emitting diodes (LEDs). However, the blue nitride-based LEDs that excite the yellow-
green-emitting YAG: Ce phosphors have an undesired cold, white emission. This
emission needs to be made warmer by the addition of red emitting phosphors. Phosphors,
generally made from rare-earth elements, tend to emit over a broad spectrum. As such,
most of the photons produced by an LED may be rendered by a phosphor into ‘wasted’
light, which reduces the efficiency of the device altogether. According to past research
study (Jia and Hunter, 2006; Neeraj et al., 2004; Xie and Hirosaki, 2007), oxide and
sulfur-based phosphors are conventionally used. The oxide-based phosphors incur high
levels of thermal quenching at elevated temperatures, while the sulfide-based red
phosphors are moisture sensitive as well as suffering from fluorescence saturation, when
the forward-bias current is increased and blue emission from the LED becomes intense.
Nitride phosphors were also suggested based upon their high photostability as a red
phosphor, but failed to create a commercial interest owing to their expensive synthesis
methods (Kwak et al., 2012). These drawbacks did not permit a sufficiently high color
rendering index (CRI), and therefore made the use of inorganic phosphors limited. The
ideal red emitter would be one that has a broad blue absorption and a narrowband
emission. The narrowband red emission condition would allow a high luminous efficacy
of radiation (LER). LER refers to the lumens of light emitted per Watt, and a high value
would result in warm white light with a high CRI and low correlated color temperature

(CCT). The red emitters would also need to have a high quantum yield (QY) when



subjected to blue excitation, high photostability, less thermal quenching, low scattering
losses and ability to resist fluorescence saturation under high excitation from intense blue

emissions from nitride-based LEDs.

Quantum dots, or semiconductor nanocrystals, have been researched as an alternative to
satisfy the above criteria (Shea-Rohwer et al., 2012). They behave like phosphors but can
be tuned to radiate any color from red to yellow by varying the nanocrystal size, because
of the quantum confinement effect previously described in Section 1.1 of this chapter. In
2008, Ziegler et al. (Ziegler et al., 2008) demonstrated an LED made from silica-coated
InP/ZnS QDs combined with a green phosphor and YAG with a CRI value of
approximately 86 ( The ideal white light source has a CRI of 100). Later in 2010, by
directing light from an LED through a sheet of quantum dots, the quantum dot LEDs
manufactured by QD Vision and Nexxus Lighting offered a narrow spectral emission
(~30 nm FWHM) and a more selective optical downshift of the bluer emission from the
LED into redder light. These resulted in a CRI of greater than 90%, a superior CCT of
2,700 K and an industry-leading efficacy of 65 Im/Watt (Hogan, 2014). Quantum dots,
therefore, are key players in solid-state lighting (SSL) sources owing to their role in
maintaining high luminous efficiency, high color quality and consequently, lower power

consumption.
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Figure 1.4: Optical advantages of colloidal QDs for display and SSL applications. (a) A CIE
chromaticity plot showing that the spectral purity of quantum dots enables a larger range of color
than a high definition television (HDTV). (b) Plot of “luminous efficiency Vs CRI” for different
commercially produced lighting solutions. Two companies, QD Vision and Nexxus lighting, as
shown by the green dot, manufactured the first QD-based SSL source which had a high CRI
without trading-off high luminescence efficacy (Shirasaki et al., 2013).

1.4. Objective and scope of thesis

The first chapter of this thesis provides an introduction to quantum dots and their current
and potential applications, in an effort to explain the drive for research in this field and its
significance in the healthcare and semiconductor optoelectronics industry. The second
chapter deals with understanding the concept of the core-shell nanocrystals, the basics of
colloidal synthesis, and finally describes the procedure of synthesis of the cadmium
selenide/zinc sulphide quantum dots used in this project. A detailed explanation of the in-
situ nanoscale etch-pit formation on the surface of the GaSb (100) in the molecular beam
epitaxy is covered in the third chapter. The subsequent chapter covers the experiments

performed and measurements carried out to achieve the incorporation of the quantum
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dots into the nano-scale etch pits, or ‘nanovoids’. Finally, the fifth chapter concludes this

work, and provides some insights on potential future work.
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Chapter 2
Synthesis of colloidal cadmium selenide nanocrystals with zinc

sulphide shell

2.1. Introduction to core-shell colloidal nanocrystals

Colloidal semiconductor nanocrystals can be thought of as an onion-like structure
composed of at least two semiconductor materials. Also, termed as “colloidal quantum
dots”, they are composed of an inorganic core surrounded by an organic ligand layer. The
electron-hole pair is confined in the inorganic core which acts as a “box” and exhibit
properties due to the quantum confinement effect. We can think of the nanocrystal core
as a spherical portion of the bulk semiconductor lattice. These cores will aggregate to
form larger, thermodynamically more stable structures, in the absence of the surface
ligands. The surface ligands are, therefore, important in kinetically stabilizing the
nanocrystal cores. Additionally, they can also bond to coordinatively unsaturated surface
atoms and offer electronic stabilization (Mikulec, 1999). Nonetheless, a major fraction of
these organically passivated core nanocrystals can have a large number of surface trap
states. The surface has a significant number of dangling bonds and defects. These surface
trap states can be a fast non-radiative recombination channel for photon generated charge
carriers. This would, ultimately, result in a decrease in the fluorescence quantum yield
(QY). A strategy to address the issue of passivating the nanocrystal’s surface is to grow a

shell around the core, consisting of a second semiconductor, with a higher band gap as
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depicted in Figure 2.1. This gives rise to the concept of the core-shell semiconductor
nanocrystals. The shell can thus passivate the surface trap states, and improve the

fluorescence efficiency. Furthermore, the shell protects the core from photo-oxidation.

a)
Ligands

Core b]

Shall

Exciton Wavefunction

Ligands [

Overiap

‘ Ligands

\ Shell

Core Core

Figure 2.1: (a) Schematic depiction of a quantum-dot core bounded by a coating of ligands, and
corresponding electronic structure. Surface ligands solubilize the quantum dot, and aid in partially
passivating its surface. Notice the corresponding electronic structure, which shows that an overlap
of the exciton still exists between the core and the surface ligands. (b) Growth of an inorganic
shell around the quantum-dot core reduces the overlap of the excitons with the surface, to achieve
better passivation (Geyer et al., 2013).

Appropriate control of the size, shape and composition of the core and shell materials

enable the tuning of the wavelength over a wider range of the spectral window than with

either of the semiconductors alone (Reiss et al., 2009).
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2.1. Classification of core-shell colloidal nanocrystals

The shell in colloidal semiconductor nanocrystals can have different roles, depending on
the energy bandgap and relative position of the electronic energy levels of the
semiconductors present. Accordingly, three types can be identified; type 1, reverse type

1, and type 2 energy-level, or band alignment (Reiss et al., 2009).

$ Typel Type Type Il Revarsa Typo |
i B [ v
E

Figure 2.2: Schematic illustration of the energy-level alignment of the three types of core-shell
systems realized with semiconductor nanocrystals. The upper edge of the rectangles corresponds
to the position of the conduction-band, while the lower edge corresponds to the valence-band of
the core-shell semiconductor materials. In each type, the inner rectangles represent the core, while
the external rectangles, on either side, represent the shell (Reiss et al., 2009).

Type I: Core-shell nanocrystals of type | have a smaller bandgap for the core compared to
the shell. In these types, the conduction and valence band boundaries of the core are
found within the bandgap of the shell. This phenomenon confines the electrons and holes
in the core. If we assume a cadmium selenide/cadmium sulphide core-shell nanocrystal in
Figure 2.2, the electron and hole of an exciton at the CdSe and CdS boundary exhibit
energy states within the CdSe core representing the smallest possible energy difference.
Compared to an uncoated CdSe quantum dot, the radiation emitted due to electron and

hole recombination is red-shifted by a small amount in the core-shell nanocrystal. The
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addition of a shell reduces the confinement and thereby decreases the energy state of the
excitons, leading to a red-shift in the emission. Examples of such core-shell systems

include CdSe/CdS, CdSe/ZnS, and InAs/CdSe (Reiss et al., 2009).

Type II: In this category, the boundaries of the conduction and valence bands of the core
are either lower or higher than the corresponding boundaries of the shell. Figure 2.3
shows an example of a type Il system containing a ZnTe core (bandgap: 2.26 eV) and
CdSe shell (bandgap: 1.74 eV). The smallest separation in energy of the electron and the
hole pair occurs when the hole is confined in the ZnTe core valence band and the electron

is held in the CdSe shell conduction band.

A
cB
Znle
core
g CdSe 225
& shell
& 1.74
=
L
!
Core-shell
interface

Figure 2.3: A type Il core-shell nanocrystal.

The lowest energy difference between the states occupied is shown as AE in Figure 2.3.
This bandgap will be lower than either of the individual bandgaps (Xie et al.,
2005).Therefore, AE determines the emission wavelength of the ZnTe/CdSe core-shell
nanocrystal. Significant interest in these systems has been generated due to the possibility

to vary the thickness of the shell and therefore tune the emission wavelengths towards
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regions of the spectrum. These are difficult to achieve with other materials. For example,
CdTe/CdSe and CdSe/ZnTe nanocrystals have been synthesized to emit in the near-

infrared region (Kim et al., 2003; Reiss et al., 2009).

Reverse Type I: In this configuration the core exhibits a wider bandgap compared to the
shell. The shell material has conduction and valence band edges which reside within the
edges of the core. As such, the lowest energy separation of an exciton is observed in the
case of charge carriers confined in the shell. The emission wavelength can be tuned by
changing the shell thickness. Examples of such core-shell systems include CdS/Hgs,

CdS/CdSe, and ZnSe/CdSe (Reiss et al., 2009).

2.3. Production of semiconductor nanocrystals

High quality semiconductor nanocrystals, or quantum dots, need to be produced without
degrading their properties of interest. Section 2.3.1 briefly outlines some of the
techniques and knowledge developed in the past years to make these quantum dots,
followed by Section 2.3.2, which explains the advantages of the colloidal approach to

synthesize quantum dots.

2.3.1. Different approaches to quantum dot synthesis

The production of quantum dots can be broadly classified as either top-down, or bottom-
up techniques. The top-down approach involved the use of lithographic techniques, or
etching a semiconductor sample down to the required dimensions. In the late 80’s,

lithography was the main approach used to produce quantum dots, as their dimension
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could be predefined. This made them favorable to methodical studies of the quantum
confinement effects as a function of the structure (Bayer et al., 1998; Brunner et al.,
1992; Ramanathan,S., 2007). Unfortunately this approach led to defects and dislocations
that killed the photoluminescence emission of the quantum dots. This lead to the
development of other techniques which involved molecular beam epitaxy, metal organic
chemical vapor deposition, sol-gel method, high temperature solvent-based wet chemical
approach, and arrested precipitation approach at low-temperatures (Murphy et al., 2002).

The latter three approaches can be classified under the bottom-up wet synthesis method.

In order to synthesize high-quality monodisperse nanocrystals, such as the I1-VI
nanocrystals, the high temperature solvent-based approach has been used extensively.
This approach has also been successfully used to synthesize IlI-V semiconductor
nanocrystals such as InP and InAs nanocrystals. Generally, in this approach the
precursors are added to a coordinating solvent which has a high boiling point. The
temperature of the solvent is elevated to a reaction temperature, high enough to allow the
precursors to decompose and react, once they are injected into the solvent. The
nanocrystals are allowed to form, and then grow before collecting them and dispersing
them into a suitable non-solvent. The chemical composition of the reagents, or
precursors, and the reaction conditions such as the time, concentration, and temperature
can be varied to control the material and size distribution of these colloidal nanocrystals

(Ramanathan,S., 2007).
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2.3.2 Advantages of colloidal approach in growing quantum dots

Colloidal quantum dot suspensions consist of inorganic dots in an organic or agueous
media. The wet chemical approach to growing colloidal nanocrystals offers several key
advantages compared to the other known techniques. First, the chemically controlled
approach makes the entire synthesis procedure not only simple to perform, but also cheap
and repeatable. This, by itself, is a significant advantage in terms of potential large-scale
manufacturing of the nanoparticles. Secondly, the ability to prepare nanocrystal samples
displaying uniformity in size, composition, shape and surface chemistry has enabled
mapping of their size-dependent material properties. As such, a systematic study of the
electronic and optical properties related to these nanoscale materials can be exploited for
various applications such as optoelectronic devices, and biological imaging and labelling.
Finally, the colloidal nanocrystals can be synthesized separately from their user-end
application. Consequently, they can be optimized externally, before incorporating them
as internal emitters into photonic crystals, as an example (Richter et al., 2003; Yang et al.,

2008) .

The synthesis of 11-VI semiconductors, such as CdSe, CdTe, etc., is a high-temperature
solvent-based approach which provides a repeatable method to produce uniform quantum

dot colloidal samples at the convenience of bench-top conditions (Murray et al., 1993).
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2.4. Basics of colloidal synthesis: Nucleation, growth, and Ostwald
ripening

Typical synthesis of colloidal quantum dots is based on a three component system which
involves precursors, organic surfactants, and solvents. The synthesis occurs in several
consecutive stages; nucleation, growth, Ostwald ripening, and isolation of the
nanoparticles which reach the desired size from the reaction mixture. The concentration
and chemistry of the precursors and surfactants, temperature, growth time and the
surfactant-to-precursor ratio are the factors which control these various stages of
synthesis. The key to synthesis of monodisperse colloidal quantum dots is the rapid
injection of organometallic precursors into a reaction vessel containing a hot coordinating
solvent. This elevated temperature decomposes the precursors into monomers. Once the
monomers achieve a high enough supersaturation level, the nanocrystal growth begins
with a nucleation process. As the nucleation event progresses, the concentration of the
monomers or reactant species begins to drop below the required critical concentration for
nucleation. Subsequent addition of reagents will result in the growth of the nanocrystals
on existing nucleation sites. One of the most critical factors that need to be monitored
during the growth process of the nanocrystals is the temperature. It must be high enough
to facilitate rearrangement and annealing of atoms during the synthesis progression, and
also be low enough to support crystal growth (Murray et al., 2001; Malik et al., 2013; «,”

2007).

Semiconductor nanocrystals often exhibit growth through Ostwald ripening; which is a
mechanism where the largest particles in the solution grow at the cost of dissolving

smaller ones. The smaller nanocrystals have a higher surface energy, which promotes
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their dissolution resulting in the materials redepositing on the larger nanocrystals.
Ostwald ripening is a thermodynamically driven spontaneous mechanism seen in solid
(or liquid) solutions, which occurs because larger particles are more energetically favored
than smaller particles. The molecules residing on the surface of a particle are less
energetically stable compared to the other well-arranged ones packed in the interior.
Larger particles have a low surface to volume ratio, and as such, have fewer molecules
residing on their surface (which is energetically unfavorable) causing the particle overall
to be in a lower energy state. As the system, consisting of large and small particles,
attempts to lower its overall energy state molecules on the surface of the smaller particle
will tend to diffuse through the solution and accumulate on the surface of the larger
particles. For a given initial concentration of reagents, a critical size of the nanocrystals
exists. If the nanocrystals are smaller than the critical size, they begin dissolving while
the larger ones keep growing. As the reaction proceeds, the smaller nanocrystals formed
initially disappear, and act as a fuel for the growth of the bigger nanocrystals. The growth
rate of the nanocrystals depends on the size of the existing nanocrystals in the system.
Peng et al. (Peng et al., 1998) described this growth phenomenon in two regimes, so
called “focusing” and “defocusing” of size distribution of the nanocrystals. When the
monomer concentration is high, the critical size is relatively small, resulting in the growth
of nearly all particles. Smaller crystals grow faster than the larger crystals (as they need
more atoms to grow than smaller crystals) during this process. This results in “focusing”
of the nanocrystal size distribution, and yields nearly monodisperse particles. When the
reagent concentration is depleted during growth, the critical size becomes larger than the

average size of the nanocrystals. As a result, the size distribution “defocuses” or
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broadens. This is Ostwald ripening where the smaller nanocrystals dissolve at the
expense of growing larger ones. Further injection of additional reagents can refocus the
size distribution by bringing down the critical size back to a smaller value. Thus, the
critical size is dependent on the concentration of reagents. Increasing the temperature can
also increase the average nanocrystal size distribution, as it enhances the Ostwald
ripening. This increase in size occurs with a compensating decrease in nanocrystal

number (Yin and Alivisatos, 2005).
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Figure 2.4: 2Cartoon depicting the stages of nucleation and growth for the preparation of
monodisperse NCs. As NCs grow with time, a size series of NCs may be isolated by periodically
removing aliquots from the reaction vessel (Murray et al., 2000)

The ratio of the concentration of reagents to the surfactants can also play a role in
controlling the size of the nanocrystals. As the precursor to surfactant ratio is decreased,
smaller nuclei and thus smaller size nanocrystals are produced (Hyeon et al., 2001;
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Iwamoto et al., 2009). Furthermore, nanocrystal size was found to be inversely
proportional to the surfactant concentration (Choi et al., 2011; Hyeon et al., 2001). The
chemistry of the surfactant can, likewise, affect the nanocrystal size. A surfactant which
has a higher tendency to bind tightly to the surface of the nanocrystal defined by a higher
binding constant of the surfactant groups to the surface, lowers the rate of material
addition to nanocrystals being formed in a solution. As a result, average size of
nanocrystals produced becomes smaller (Di Ventra et al., 2004). Finally, the size of the
nanocrystals can also be increased through the addition of more reagents, whilst

controlling the rate of material addition, and temperature.

Once the nanocrystal samples reach the desired size, rapid quenching of the reaction
mixture can prevent further growth. In nanocrystal dispersion, interaction amongst the
nanocrystals is through the surface, i.e., through the surfactants (ligands). If the
interaction between the capping groups and the solvent is strong enough to provide an
energetic barrier (or steric repulsive force) to counteract the Van der Waal’s forces of
attraction between the nanocrystals, then the nanocrystal dispersion is stable. Larger
nanoparticles have a larger contact surface, leading to a stronger Van der Waal
interaction, and may aggregate first (if the steric hindrance between the capping agents is

not strong enough to keep them dispersed evenly) (Ghezelbash, 2006).

Like all chemical reactions, synthesis of nanocrystals is also based on collisions between
molecules which occur soon after decomposition of the reagents, and the nucleation
event. The growth, size, shape and properties of nanocrystals can be regulated by
controlling the reaction temperature, growth time, concentration of the reactant species

and surfactants, and the ratio of precursors to surfactants.
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2.5. Laboratory set-up for the colloidal synthesis

The synthesis of CdSe/ZnS colloidal quantum dots is performed using the wet chemical
“bottom-up” method. This requires a specialized laboratory system known as the Schlenk
line. Its purpose is to deliver either vacuum or an inert gas (such as argon), under tightly
regulated conditions. Colloidal synthesis needs to be carried out in an inert atmosphere in
order to allow handling of air-sensitive precursors and eliminate any possibility of
contamination and/or oxidation of the synthesized nanocrystals. The Schlenk line
manifold meets these requirements as well as removes any gas by-products throughout

the synthesis process.
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Figure 2.5: Schematic to depict the basic layout of the Schlenk line manifold (Millar, 2012).
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The Schlenk line consists of two parallel glass tubes; one connected to the vacuum, and
the other connected to an inert gas supply, as shown in Figure 2.5. The two-way valves,
or taps, allow switching between the gas and vacuum lines as required throughout the
reaction. A Schlenk line usually has around four to six valves to facilitate multiple
reactions simultaneously. Flexible rubber or plastic tubing is employed to connect the
reaction apparatus to the system. The reaction flask is a three-neck round-bottom flask.
The center neck is connected to the Schlenk line rubber hose via a nitrogen adapter. A
thin film of silicon grease can be applied to the adapter to make the joint air-tight. The
other two necks of the flask are sealed using a rubber septa, and a thermocouple is
inserted through one of them into the flask. The thermocouple is connected to a closed-
loop p-i-d ramping temperature controller, to vary the reaction temperatures, as required.
The round-bottom flask can be heated by placing it firmly on a heating mantle. This
ensures good thermal contact. A magnetic stirring controller is placed underneath the
heating mantle. This facilitates continuous stirring of the solution in the reaction flask,
when a small teflon-coated stir bar is placed inside the flask. Figure 2.6 shows a

schematic of the setup described above.
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Figure 2.6: Schematic representation of the apparatus set-up for the colloidal synthesis

A glovebox, filled with argon gas, at a pressure of 4-8 bars, is used to handle the air-
sensitive chemicals during the synthesis. It has an antechamber port with a sliding tray to
transfer chemicals into and out of the box. The water vapor and oxygen level sensors

should read levels of 0.1 ppm or less.

All glassware used for the synthesis is pre-cleaned by first treating it with a dilute base
and rinsing with water. Next, glass equipment is placed in an acid bath and rinsed with
water again. The typical chemical laboratory safety standards are ensured, such as
wearing lab coats, googles, face-shields, and appropriate gloves. The colloidal synthesis
is carried out strictly in the fumehood chamber, and any chemical waste is disposed

according to institutional regulations. Air-quality analyzers, gas detectors, chemical spill-
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Kits, and first-aid kits are available inside the synthesis laboratory, in the event of an

emergency or accident.

2.6. Procedure for synthesis of CdSe colloidal nanocrystals with ZnS

coating

The procedure for colloidal synthesis of CdSe/ZnS Direct Shell (DS) was adapted from
Clapp et. al. (Clapp et al., 2006). The CdSe core was prepared using cadmium
acetylacetonate (Cd(acac),) and troctyl phosphine selenide. The ZnS direct shell was

synthesized using diethylzinc (ZnEt,) and hexamethyldisilathiane (TMS,S) as precursors.

First 10 mL of trioctyl phosphine (TOP) and 0.79 g of selenium (Se) were mixed to
create a 1 M stock solution of TOP:Se in a 250 mL beaker. 20 g of trioctyl phosphine
oxide (TOPQ), 10 g of hexadecylamine (HDA), and 5 ml of TOP were added to a three-
neck flask, which was than degassed in a vacuum and heated to 130 °C for 1.5 hours.
Next, the precursor was made by mixing 20 mg of Cd(acac),, 1.20 g of hexadecanediol
(HDDO), and 10 mL of in a three-necked flask and heating it to 100 °C under vacuum,
followed by cooling it to 80 °C. After that, 10 mL of the 1 M TOP:Se stock solution was
injected into the precursor. After 1.5 hours, the atmosphere was switched to argon and the
temperature was raised to 340-350 °C. Under UV light, 30 mL of cadmium and selenium
precursors were injected rapidly into the hot solvent flask. The core of the NCs was
allowed to grow in this solution for about 3-4 minutes and finished forming as the color
changed to green, under the ultraviolet (UV) lamp. As soon as the solution turned green,

the temperature was lowered to 130 °C. The hot injection technique of rapidly injecting
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the precursors into the hot solvent, followed by a temperature drop, separates the
nucleation event from the growth stage and satisfies the requirement for narrow size-

distribution of the nanocrystals.

Next, the ZnS coating was synthesized. The temperature of the quantum dot/ TOPO
solution was decreased to 140-180 °C. 5 ml of TOP was then added to a beaker. After
that, 2.69 ml of 1 M diethylzinc and sulfur precursor (TMS,S) were added to the TOP in
the beaker. Then, 10 mL of the Zn and S precursor solution was very slowly added to the
QD/TOPO solution and the temperature was lowered to 80 °C. The solution was stirred

for several hours followed by addition of equal amounts of butanol and hexane.

The resultant QDs were harvested by centrifugation using methanol, until a clear
supernatant was observed. The supernatant was then discarded leaving the QDs as a

precipitate.

Finally, the QDs were collected using hexane, and stored in a glass vial, as shown in

Figure 2.7.

Figure 2.7: Synthesized CdSe/ZnS DS QDs emitting around 570 nm (greenish-yellow), under the
UV lamp.
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Chapter 3

Formation and characterization of nanovoids

Nanopits can be etched onto GaSb substrate using As; as the etchant. The etching is done
in situ, within an MBE system. This process has been extremely successful, as previously
demonstrated by Huang et al. (Huang et al., 2007). A detailed study of the experimental
conditions to establish the As, and GaSb reactions and the results of the etched-pit or
nanovoid formations is required to better understand their crystallography and exploit
them for use in quantum-confined ensembles. Section 3.1 briefly explains the chemical
reactions leading to the formation of the nanovoids, while Section 3.2 and 3.3 presents

the experimental details, analysis, and characterization of these nanoscaled pits.

3.1. Growth process of the nanovoids

Formation of the nanovoids occurs through an in situ etch inside an MBE system, as
already mentioned. The etch technique inside the MBE have a significant advantage over
regrowth processes, as they ensure that the surface stays free of contaminants or any
native oxides. As, is a common source in most 111-V machines. This process, therefore,
aids GaSb etching without making any complex equipment modifications. Following the
arsenic-induced etch, GaAs overgrowth continues by coalescence over the etched pits,
forming nanovoids at the GaAs/GaSb interface. This is, then, followed by planar growth
of the GaAs material. The nanovoids formed have been comprehensively investigated, as

described in Section 3.3, and have been found to be highly faceted. This feature of the
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nanovoids may allow encapsulation schemes, for the development of novel quantum-
confined ensembles (Baier, Watanabe, Pelucchi, & Kapon, 2004). The nano-scale

dimensions of the voids would exhibit quantum size effects for the encapsulated material.

GaSb reacts with As, due to a negative enthalpy of reaction, as described by Losurdo et
al (Losurdo et al., 2006). The As; specie reacts strongly with GaSb for both 1) the anion

exchange reaction and 2) the isoelectronic AsSb compound formation reaction, where
2GaSb+As; —2GaAs+Sb, , AH = —47.6 kJ/mol, and (1)
GaSb+As; — GaAs+AsSb, AH =-33.9 kJ/mol. (2)

In both reactions, As, aggressively reacts with GaSb to form GaAs and either excess Sb
(1) or AsSb (2). The etching of GaSb surfaces by As; leading to the formation of faceted
pits, can be attributed to the above chemical reactions. (Berger & Fekete, 1985; Brewer,
McClure, & Osgood, 1985; Ibbotson, Flamm, & Donnelly, 1983). Atomic force
microscopy, and transmission electron microscopy has established that further growth
inside the MBE, results in the formation of a capping layer of GaAs material over the

interfacial pits, to form the nanovoids (Huang et al., 2007).

3.2. Experimental details of the nanovoid formation

The nanovoid samples for this study were grown in a VG V80H MBE system, equipped
with a valved As and Sb cracker. The cracking zones were operated at 900 °C, resulting
in As, and Sh, species. The temperature of the substrate was determined using an optical
pyrometer, and the substrate’s growth surface was monitored in situ, by a reflection high

energy electron diffraction (RHEED) system. The native oxide on the GaSb substrate was
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thermally removed at 540 °C. The growth was initiated with a GaAs smoothing layer at a
temperature of 510 °C. A Ill: V beam equivalent pressure (BEP) ratio of 1:6 was used to
grow GaSh. After the RHEED pattern showed a (3x1) reconstruction, which indicates a
high quality GaSb surface, the growth was paused by turning off the Ga flux,
subsequently the Sb flux was also turned off. The latter allows the excess Sb to desorb
from the surface of the GaSh. At this point, As2 flux was introduced on the surface.
Under As; overpressure for 60 sec, with an approximate beam equivalent pressure (BEP)
of 1 X 10 mbar, and the substrate temperature at 510 °C, the remnants of the (3 x 1)
pattern disappear, indicating the GaSb epilayer was etched. The GaAs growth was then
initiated. The growth temperature was kept constant at 510 °C. This resulted in a
smoothing of the surface, with continued growth for about 20 nm. A I11: V BEP ratio of

1:10 was used for the GaAs growth (Huang et al., 2007).

3.3. Characterization of the nanovoids

The As,-induced etched pits on the GaSb surface were analyzed using a Hitachi S-5200
SEM, as shown in Figure 3.1. (a) and (b). The pits varied in both size and shape. The
average dimensions were ~25 nm in width, 50-80 nm in length, and 10-70 nm in depth.
The image in Figure 3.1.(b) shows a side-view of (110) cleaved facet to reveal a 30 nm

wide pit.
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(a) GaSb surface 60 s As ;soak (b) GaSh surface 60 s As ;soak
Plan view HRSEM XHRSEM

[110]

Figure 3.1: (a) Plan view and (b) side view of HRSEM images of etch pits on the GaSb surface
after soaking in As, for 1 min (Huang et al., 2007)

(b) XTEM, 10 A GaAs on GaSb

GaAs coalescing over etch-pit

(2)10 A GaAs on Gash

Figure 3.2: The GaAs coalesces partially over etched pits, which are shown by the (a) AFM and
(b) XTEM image (Huang et al., 2007).

The resolution available using the HR-SEM was not high enough to understand the
faceting of the pits. By grinding samples using mechanical methods to less than 10 um of
thickness and thinning the samples to electron transparency using an ion beam, high
resolution cross-section TEM (XTEM) specimens for imaging were prepared. While the
HRSEM images in Figure 3.1 show etch pits on the GaSb surface after the As2 influx for
60 sec, the AFM and XTEM images in Figure 3.2. (a) and (b) show the remnants of the
existence of the faceted voids on the GaSb surface after about three monolayers (3 MLS)
of GaAs were grown. Along with the images in Figure 3.3., they further reveal the

progression of the GaAs overgrowth on the etched GaSb surface, with the GaAs coverage
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increasing from 3 to 30 monolayers (MLs). The SEM image in Figure 3.1.(a), taken
before the growth of the GaAs was initiated, and the AFM image in Figure 3.2.(a), taken
after the growth of the GaAs, belong to the same sample and show a consistent pit
density of 1x10° /cm? If the GaAs deposition is continued, the lateral overgrowth
proceeds to coalesce over the pits, resulting in encapsulated nanovoids at the interface. It
is further observed, in the TEM images, that no GaAs growth takes place inside the

etched pits (Huang et al., 2007).

(a) BF, GaAs on GaSh (b) DF, v-shaped nanovoid

(11'&)

[001]

(111) d‘ <[110]

(100)
(111) i Gﬁﬂs

Figure 3.3: XTEM images of GaAs/GaSb interface. Part (a) shows a bright field image featuring
nanovoids, while (b) shows a dark field image highlighting a single v-shaped nanovoid. (c) shows
a single truncated v-shaped nanovoid (Huang et al., 2007).

Continuation of the growth of GaAs leads to a complete coalescence over the nano-pits.

The images in Figure 3.3 show a capping layer of GaAs grown over the nanopits about
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100 nm thick. Figure 3.3.(a), specifically, shows a bright field (BF) TEM analysis of v-
shaped and truncated v-shaped nanovoids present on the GaAs/GaSh interface. The v-
shaped nanovoid is enclosed by (111) and (111) sidewalls, while the truncated v-shaped
nanovoid is also enclosed by (111) and (111) sidewalls but is bounded at the bottom by a
(100) plane. The difference in etch rates of the GaAs/GaSb surface along a certain
crystallographic direction determines the formation of these facets. In case of such low-
index crystal planes, the directional etching rate progressions has been shown to be in the
order of (111) > (100) > (110), in a number of 111-V material studies(Brewer et al., 1985;

Ibbotson et al., 1983).

The dark field (DF) TEM images of the GaAs/GaSb surface shown in Figure 3.3.(b) and
(c) highlight the coalescing of the GaAs over the nanovoids. There is a large lattice
mismatch between the GaAs and GaSb layer. As a result, strain exists between these two
layers. This strain is relaxed through defects, better known as threading dislocations, as
can be seen in Figure 3.3(b). The threading dislocation density is significant at the
GaAs/GaSh interface as well as, in the GaAs capping layer over the voids. Figure 3.3(c)
shows the DF image of a truncated nanovoid, and also elucidates the coalescence of the
GaAs over it. This truncated nanovoid is larger than the v-shaped nanovoid, and the
capping layer over it seems to have a lower threading dislocation density. This is
speculated to be because of the fact that the truncated nanovoids have a larger area of
GaAs not in contact with the GaSb, and therefore, they can relieve the strain occurring

due to the mismatch more effectively, to result in a lower defect density.
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(a) HRTEM, center of nanoveid ({s)) HRTEM, infront of hanrovoirdf

GaAs

excess Sb or
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Figure 3.4: HR-XTEM images of (a) a single nanovoid with amorphous surface coating and (b)
nanovoid viewed through several layers showing crystalline structure (Huang et al., 2007).

The surrounding material of two different nanovoids is shown in the high resolution TEM
images of Figure 3.4.(a) and (b). The thick coating on the {111} planes indicates the
presence of amorphous material on the inside of the void. No TEM diffraction pattern is
produced by the amorphous material. This amorphous material could either be excess Sb,
caused by the anion exchange reaction shown in Equation (1), or it could be the

isoelectronic AsSb compound caused by the alternate reaction shown in Equation (2).

The etching rate in (111) planes is thought to decrease because of the amorphous
elemental Sb or AsSb layer(Lin, C. L.; Su, Y. K.; Se, 1998). The accumulation of the
surface AsSb or Sh layer occurs to a certain extent, which implies that the rate of etching
in the [110] direction occurs at a higher rate than along the [100] direction. This causes
the pit to increase in width faster, compared to the rate of increase in depth. The result is
a (100) plane in the lowest level along with the formation of truncated v-shaped pits.
Crystallographic adatom incorporation above the {111} planes seems to be prevented by

this amorphous deposition. Eventually, the overgrowth of GaAs proceeds from the (110)
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planes and a coalescing occurs over the pit. Although the overgrowth of the GaAs has
been shown in Figure 3.2.(b), the (110) nucleation site can only be seen in the higher—

resolution image shown in Figure 3.4.(a)(Huang et al., 2007) .

Figure 3.4.(b) is an XTEM image elucidating the nanovoid as seen through several
atomic layers in front of the void. This image allows for only the crystalline material in
front of the nanovoid to be seen, since the amorphous material is hidden from view. It can
now clearly be seen that the {111} planes are the terminating facets and the {110} planes
are the planes on which the nucleation occurs. The difference in material thickness makes

the nanovoids appear lighter in contrast to the surrounding material (Huang et al., 2007).

3.4. Etching of the GaAs capping layer to expose nanovoids

A coalescing layer of GaAs grows over the nanopits inherently without any changes in
the growth temperature inside the MBE, as previously explained. Since the goal was to
incorporate the CdSe/ZnS quantum dots into nanovoids, the GaAs capping layer had to
be removed. A NH,OH:H,0, etchant solution, at a volume ratio of 1:33 (Yeh & Smith,
1994) was used to remove GaAs capping layer from GaSb surface. This etchant solution
allows selective etching at an etch rate of 5-6 um/min at room temperature. The solution
must be continuously stirred, or placed in an ultrasonic agitator to allow a uniform etch.
Although, 100 nm of GaAs capping layer could be etched in less than 1 min, several
samples were etched for different times to account for reaction delay (in correspondence

with lab-mate, “Emma Renteria”).
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A SEM study was conducted to determine if the voids were exposed after the
NH4OH:H,0; etch. Figure 3.5 shows top view SEM images of the samples, before being
etched with NH,OH:H,0,. Figure 3.6 shows SEM images, after the sample was exposed
to 1 minute etch. Figure 3.7 shows SEM images after the sample was etched for 5
minutes. These SEM images clearly showed the exposure of the nanovoids. Hence, the
nanovoids were ready for the next step in the project, which involved the incorporation of

the colloidal quantum dots.

Figure 3.5: SEM top view images of the GaSb nanovoid sample before being etched with
NH4OH:H202.

Figure 3.6: SEM images of the GaSb nanovoid sample after been etched with NH,OH:H,0O, for 1
min.
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Figure 3.7: SEM images of the sample R12-128 after been etched with NH,OH:H,O, for 5
minutes.
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Chapter 4

Experiments and Results

Before placing the quantum dots in the nanovoids, we carried out some experiments to
determine if the QDs would still have photoluminescence (PL), after being exposed to the
high regrowth temperatures inside the MBE system. In order to investigate this, we used

silicon wafers as the substrate, to contain the QDs. Steps involved were:

e identification of the type of silicon wafers

e identification of the right etchant

e determination of the etch process and time

e using the Alpha-Step to carry out an etch profile analysis

e calcination (to heat a substance to a high temperature but below the melting or
fusing point, causing loss of moisture, reduction or oxidation, and the
decomposition of carbonates and other compounds ) of the QDs at the regrowth
temperature of around 500 °C

e subjecting the wafer containing the QDs to regrowth temperatures, in a vacuum
environment

e measuring the photoluminescence emission (PL) and photoluminescence
excitation (PLE) spectra of the QDs prior to, and after placing the dots on the

etched Si-wafer
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4.1. lIdentification of type of silicon wafer used

Silicon wafers are thin slices of highly pure, and nearly defect-free semiconductor
material. They are used as the substrates for the fabrication of integrated circuits and
other microelectronic devices. The fabrication procedure involves several steps such as
doping, etching, material deposition, and photolithographic patterning. Wafers are sliced
according to specific crystal orientations from silicon ingots, which are grown from
silicon seed crystals, which have a regular diamond cubic crystal structure. Miller
indices, for example, <100> or <111>, are used to define the crystal orientations. The
following paragraph is a detailed discussion on how to distinguish silicon wafer <100>

from <111>.

L&) ich

= i"""'".l: o 1 o : ‘l.' sy

Figure 4.1: By observing the angle between primary and secondary flats we can distinguish
silicon wafer <100> from <111>. (a) 90° angle between flats indicates it is a p type <100>
silicon wafer (b) 180° angle between flats indicates it is a n type <100> silicon wafer (c) Absence
of secondary flat indicates it is a p type <111> silicon wafer (d) 45° angle between flats indicates
it is a n type <111> silicon wafer (Islam, 2010).

By observing wafer flats, as shown in Figure 4.1 (a) through (d) we can distinguish

between silicon wafer <100> and <111>. The purpose and function of wafer flats is the
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orientation for automatic equipment and to indicate type and orientation of crystal (Islam,

2010). There are two flats:

1. Primary Flat: The flat of longest length located in the circumference of the wafer.
The primary flat has a specific crystal orientation relative to the wafer surface.

2. Secondary Flat: The flat of shortest length located in the circumference of the wafer.
This flat indicates the crystal orientation and doping of the wafer. The location of this flat
varies.

We have used p-type <100> silicon wafers for our experiments.

4.2. Etching of the silicon wafer

4.2.1. Anisotropic silicon etch using potassium hydroxide (KOH)

solution

KOH is an etchant which attacks silicon preferentially in the <100> plane, producing a
characteristic anisotropic V-etch with sidewalls that form a 54.7 ° angle with the surface
(35.3 ° from the normal). This etch process is independent of the doping concentration

for As, P, and Sb dopants.

= Preparation of the etchant: In order to prepare the 30% etchant, we used 70 g
KOH pellets and 190 ml of de-ionized (DI) water. We mixed the pellets on a
warm surface of about 80 °C, until the KOH completely dissolved. A stir-bar was

placed into the beaker to ensure the mixing was done evenly (UCI , 2014).
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KOH is an etchant which attacks silicon preferentially in the <100> plane, producing a

characteristic anisotropic V-etch with sidewalls that form a 54.7° angle with the surface

(35.3° from the normal). This etch process is independent of the doping concentration

for As, P, and Sb dopants.

Procedure for cleaning the wafer: First, we cleaned the wafer (UIUC Biosensing
Inst., 2014) using acetone, isopropyl alcohol (IPA), and DI water. The silicon
wafer was placed in a beaker, which was partially filled with acetone. Next, the
beaker was placed in an ultrasonic bath (no heat) and the wafer was continued to
be agitated (vibrated) for a few minutes. Tweezers were used to remove the wafer
from the beaker. The cleaning steps were then repeated with IPA and DI water
consecutively. While IPA and acetone helped to remove any organic
contaminants from the wafer surface, DI water helped to wash off any ionic
contaminants. Finally, the waste cleaning agents were disposed into the

appropriate waste container.

The cleaned wafer was placed in a Petri-dish and heated to 80 °C in the oven. About 10

ml of the solution was taken in a pipette, and a drop was placed on the hot wafer. The

KOH solution bubbled at the exposed silicon sites, while etching occurred. The etch rate

for 30% KOH was 1.3 um/min, according to Seidel et al. (Seidel et al., 1990), as shown

in the table in Figure 4.2. Therefore, we let the wafer etch for one minute, after which it

was allowed to cool down. Finally, we cleaned the wafer once again, according to the

cleaning procedure mentioned above.
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Faster etch
rate for (110)
than for (100)

Etchant Temperature | Direction | Ertch Remarks Reference
(>C) (plane) rate
( pm
min”)
20% KOH: | 20 (100) (0.025 | Near Peak [3]
S0 HaO 40 (100 0.188 etch rate at the
60 (100) (.45 conc. across
§0 (100) 14 temperature
100 (100) 4.1
30% KOH: |20 (100) 0.024 | Smoother [3]
7% HaO 40 (100) 0.108 surtaces than
60 (100) 0.41 at lowes
g0 (100) 1.3 concentration
100 (100) 3.8
20 (110) (.038
40 (110) (.16
60 (110) 0.62
80 (110) 2.0
100 (110) 5.8

Figure 4.2: The table relates silicon etch rates of KOH as a function of percent composition,
temperature, and orientation. As with all wet-chemical etching solutions, the dissolution rate is a

strong function of temperature. Adapted from Seidel et al. (Seidel et al., 1990).

4.2.2. Etch-profile analysis of the silicon wafer

An etch profile analysis of the wafer was carried out using an Alpha-Step. The one-

minute etch done using 30% KOH solution resulted in a depth of 10,000 A. This is 1.0

micron. This showed that we were able to carry out the etching successfully.

47




4.3. Calcination of the quantum dots

Now that we created a depression in the silicon wafer, we placed the CdSe/ZnS QDs into
it using a pipette. Calcination was then carried out to check if the QDs could withstand
the high regrowth temperatures of around 500-600 °C inside the MBE growth chamber.
The wafer containing the QDs was placed inside the oven, and heated to 600 °C for

fifteen minutes.

PL measurements on the QDs were done both before and after the heat treatment. As
shown in Figure 4.3, the QDs exhibited bright fluorescence prior to the calcination
process. After calcination, no PL was observed. It is speculated that the organic coating
around the quantum dots protected them from oxidation, and, upon calcination, the
organic ligands were burned off, leaving behind bare quantum dots that were very

susceptible to oxidation, a process that had detrimental effects on the PL of the sample.

cps/Microhmps

e S S S —

1
18
"

Ampm g e Waveiength [nm]

Figure 4.3: Measurements prior to the calcination process (a) PL spectra of the CdSe/ZnS DS
QDs (b) PLE spectra of the CdSe/ZnS DS QDs.
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4.4, Heat treatment of the QDs in a vacuum environment close to the

maximum growth temperature

The intention of heat treatment inside the MBE machine was to simulate the oxygen-free
environment, which the QDs would be subjected to, when the capping layer of GaAs was

regrown over the exposed nanovoids containing the dots.

At first, a bare clean silicon wafer, without the quantum dots, was placed inside the
heating chamber of the MBE, to check for any outgassing. The highest possible
temperature that could be reached in this particular chamber was 480 °C (relatively close
to the regrowth temperature). This particular chamber could be sealed off from the other
growth chambers inside the MBE, thereby, posing no danger of contaminating the other
chambers if any outgassing occurred, by monitoring the pressure in the chamber. It was
confirmed that the wafer did not outgas more than epi-ready wafers, at the mentioned
temperature. This indicated that if any outgassing occurred later, in the subsequent steps,
it would be due to the addition of any new substance to the wafer. Next, the CdSe/ZnS
quantum dots were pipetted into the depression created on the same silicon wafer. This
sample was then loaded into the same heating chamber of the MBE machine. The sample
was heated to 480 °C for fifteen minutes, and it was also confirmed that no outgassing
took place due to the presence of the QDs. That being ensured, the sample was, then,
allowed to cool down, and removed carefully from the MBE. PL and PLE measurements
was done right after, and compared with the measurements of the QDs observed prior to

the heat treatment. The observations are shown in Figure 4.4.
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Figure 4.4: (a) and (b) PL & PLE spectra of the silicon wafers containing the QDs after they
were thermally treated at 480 °C inside the MBE.

The CdSe/znS QDs were excited using a wavelength of 355 nm and an intensity of
1,000,000 cps was observed before the heat treatment. The intensity dropped, by about
fifty times, to 20,000 cps after the thermal treatment in the MBE. We also observed that
the excitation feature occurred at 365 nm, when checked for emission at 575 nm prior to
the heat treatment. After the heat treatment, the excitation feature was no longer high
enough, and other peaks (lamp artifacts) could also be seen. It should be noted that the
walls of the integrating sphere, which is used to measure quantum efficiency (QE), start
absorbing light at around 350 nm and therefore, the 365 nm feature on the PLE spectrum

was chosen as the standard excitation wavelength.
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4.5. Heat treatment of the QDs at different temperatures to determine

exact temperature at which they lose their photoluminescence property

Further experiments were necessary to investigate whether the QDs retained their core-
shell structure, or any intermixing occurred between the two layers. This was done by
annealing the QDs in a vacuum environment, at different temperatures starting from 200

°C, and measuring the PL and QE to observe any shift in the PL spectra.

Figure 4.5: CdSe/ZnS QDs on the sapphire substrate emit around 570 nm as seen under the UV
lamp.

The QDs were placed on a (1x1) cm? sapphire substrate, as shown in Figure 4.5.
Sapphire was chosen as it is highly transparent to wavelengths of light, between 150 nm
(ultraviolet) and 5500 nm (Infra-Red), and as such, it would not interfere with the PL
from the QDs. PL of the bare sapphire substrate was measured, as shown in Figure 4.6(a),
to verify that there was no emission from the excitation wavelength of the QDs. Next, 1.0

ul of the dots were pipetted onto the center of the sapphire substrate.

The PL at room temperature was measured, at first, to serve as a control for comparison
with the PL obtained from each of the higher temperatures. The QD annealing
experiments were carried out in the preparation chamber of the MBE system, in a

vacuum environment, by heating them to 200 °C and increasing the temperature at steps

51



of 50 °C until the QDs stopped exhibiting any QE, which was found to be at 250 °C. The

PL and QE were measured at each of these temperatures, as shown in Figures 4.6(b)-(c),

4.7 and 4.8.
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Figure 4.6: (a) PL spectra of the bare sapphire substrate which indicates no emission from 362
nm excitation (b) PL spectra of the sapphire with the CdSe/ZnS QDs at room temperature (c) PLE
spectra of the sapphire with the CdSe/ZnS QDs at room temperature.

The PL spectra, as shown in Figures 4.6 (b) and (c), showed that the CdSe/ZnS QDs on
sapphire emitted strongly at 574 nm, with a 1.40 million cps, for an excitation
wavelength of 362 nm. When measuring the PLE using a 574 nm emission wavelength,
the excitation spectrum increases in intensity well into the UV, as seen in Figure 4.6 (c).

However, because the walls of the integrating sphere, which is used to measure QE, start
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absorbing light at around 360 nm, the 362 nm feature on the PLE spectrum was chosen as

the standard excitation wavelength.

(a)

FO0000 |-

E10000 |-

440000 -

W00 -

Intensity [CFS]

20000

100000 +

0k

CdSe 7n5 DS
annealed_200 *C
PL 5B 110413
Exc:1nm

Em: 1 nm

L

TMKS_081008_01 |

Excitation: 362 nm

EL-T

i ! ] ] i L i
500 850 EDO  BSO  TOO

Wavelength [nm]

TE0

()

Intensity [CPS [ MicroAmps]

16000000 -

14000000

12000000 |-

10000800

8000000

A000000 -

4000000

2000000 -

TMKS 021008 01

CdSe ZnS DS
annealed 200°C
PL SB 110413
Exc 1 nm

Em: 1 nm
Emijssion: 570 nm

SRR

300

350

400 450 500 550
Wavelength [nm]

500

Figure 4.7: (a) & (b) show the PL and PLE spectra of the sapphire with the CdSe/ZnS QDs when
heated to 200 °C in a vacuum environment inside the MBE system.

The PL spectra of the QDs annealed at 200 °C are shown in Figure 4.6. An emission

peak at 570 nm was observed, for a 362 nm excitation. The intensity of the QDs

decreased by 2.5 times to 0.56 million cps, at this temperature. When checked for the 570

nm emission, a PLE feature at 364 nm wavelength was observed, indicating no shift in

the PL spectra.

The PL spectra of the QDs annealed at 250 °C are shown in Figure 4.8. The emission

peak and excitation feature remained at 573 nm and 364 nm respectively, indicating that

there was no shift in the spectra. The emission intensity, however, dropped by about 7

times to only 0.2 million cps this time.
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Figure 4.8: (a) & (b) show the PL and PLE spectra of the sapphire with the CdSe/ZnS QDs when
heated to 250 °C in a vacuum environment inside the MBE system.

The QE at room temperature was measured, and found to be very high at 95.8 %. It
decreased to about 30 % when the QDs were annealed to 200 °C. Finally, at 250 °C, the
QE dropped to about 4 %. From these results, we concluded that although the CdSe/ZnS
QDs did not show any core-shell intermixing at an elevated temperature of 200 °C (no
shift in PL spectra was observed), the quantum dots lost their PL property at temperatures

of 250 °C, and above.

4.6. Integration of the colloidal QDs into the nanovoids, optical

characterization results, and analysis

Finally, 1.0 pL of the CdSe/ZnS QD solution were pipetted on to the ‘nanovoid’
(GaAs/GaSbh) sample. The sample was etched with NH;,OH:H,0, solution for 5 min, to
selectively etch off the coalescing GaAs capping layer, and expose the GaSb nanovoids.
PL measurements were performed on this sample, before and after placing the QDs. The
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PL of the sample without the QDs (Figure 4.9) served as a control. It showed that there
was no emission from the bare GaAs/GaSh sample when excited at 364 nm, which is the

excitation wavelength measured for the QDs, as mentioned previously.
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Figure 4.9: shows the PL spectra of the bare GaSb nanovoid sample. No strong emission peaks
were observed from 364 nm excitation.

The PL spectra of the QDs on the GaAs/GaSh are shown in Figure 4.10. The emission
peak and excitation feature were observed at 574 nm and 364 nm respectively, as
expected. A strong emission intensity of 2.5 million cps was observed. This indicated that
the colloidal QDs are able to fluoresce when placed on the ‘nanovoid’ sample. A QE of
5.3% was, however, observed as opposed to a QE of 95.8%, when the colloidal QDs were
placed on sapphire. This is due to the fact that the bandgap of GaAs is high, and as such,
it absorbed at the excitation wavelength of the QDs, and decreased their
photoluminescence. Sapphire, on the other hand, has a wide optical transmission band
(from the UV to near IR), making it highly transparent to the excitation wavelength of the

QDs and thereby resulting in a stronger PL from the QDs.
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Figure 4.10: (a) and (b) show the PL and PLE spectra of the GaSh nanovoid sample with the
QDs placed on it.

As the QDs were finally placed on the etched GaSb nanovoid substrate, XTEM of the
sample was done to check for the integration of the CdSe/ZnS QDs with the GaSb
nanovoids, as shown in Figures 4.11-4.13. A line Energy Dispersive X-ray Spectrometry
(EDS) was also performed on the sample to confirm the observations. EDS makes use of
the X-ray spectrum emitted by a solid sample bombarded with a focused beam of

electrons to obtain a localized chemical analysis.

() o)

Figure 4.11: XTEM of the QDs on the GaSh nanovoid sample (R12-128) at a resolution of (a) 50
nm (b) 20 nm respectively showing the QDs on the surface as well as in the voids. All scale bars
correspond to 50 nm and 20 nm respectively.
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(@ (b)

Figure 4.12: (a), (b) & (c) XTEM of the QDs on the GaSb nanovoid sample (R12-128) at a
higher resolution of 10 nm. All scale bars correspond to 10 nm.
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(b)

Figure 4.13: (a) & (b) XTEM on other regions of the GaSh nanovoid substrate confirming the
presence of the dots in all the voids present in the sample. The gray regions in the image are the
QDs as proved by EDS data (shown in next Figure). All scales bars correspond to 10 nm.

A line EDS on the nanovoid sample with the QDs showed peaks of the QD elements (Cd,
Se, Zn, and S) inside the voids as shown in Figure 4.14. This proved that the QDs have
been successfully placed into the nanovoids. A lot of carbon resulting from the solvent in
which the QDs were suspended can be seen on the surface which needs to be removed. A

capping layer can, next, be grown over the nanovoids to enclose the QDs in them.
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Figure 4.14: (a) TEM image showing the regions on which EDS was performed (b) EDS of
region 1 showing peaks of Cd, Se, Zn and S proving the gray region to contain QDs (c) EDS of
region 2 showing a C peak proving the dark regions to contain Carbon (d) & (e) EDS of region 3
and 4 respectively, showing peaks of Cd, Se, Zn and S indicating the presence of QDs on the
surface.
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Chapter 5

Conclusion and future work

5.1. Conclusion

In this project, we have analyzed the formation and structure of the nanovoids. We have
summarized the characteristics of the nanovoids, such as the surface roughness, their
average dimensions, and their density using atomic force microscopy, scanning electron
microscope, and transmission electron microscopy. The procedure for the synthesis of the
colloidal CdSe/znS DS QDs was, also, summarized. Experimental procedures, PL and
QE measurements of the QDs on silicon and sapphire substrates subjected to different
temperatures in a vacuum environment were described, to conclude that the QDs lost
their PL at temperatures of 250 °C, and above. This indicated that a capping layer of
GaAs would not be possible for the nanovoids, when the QDs would be in it, as GaAs
had regrowth temperatures above 500 °C. Moreover, GaAs having a higher bandgap
would absorb any emission from the QDs. An alternate capping layer could be silicon
dioxide, owing to its lower growth temperature. Finally, the QDs were placed on the
GaAs/GaSh nanovoid sample, and were seen to still emit strongly on this surface, similar
to those placed on sapphire substrate previously. Integrating the CdSe/ZnS QDs into
these nanovoids was successful as confirmed by TEM and EDS data. This indicated a
successful demonstration of the heteroepitaxy of dissimilar compounds (I11-V and 11-V1).

The resulting material exhibits optical properties that may be technologically useful.
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5.2. Future work

Future work in this project would involve devising a procedure to remove excess QDs
from the surface of nanovoid sample. Using the solvent, hexane, to wash off the QDs,
which have not been integrated into nanovoid sample, is a possible option. However,
SEM, XTEM, and EDS analysis would be required to verify this process. Experiments
would also need to be performed with QDs synthesized from different materials, to check
if they can withstand the regrowth temperatures inside the MBE. Besides, it would be
necessary to conduct experiments to find an alternative capping layer material that would
be transparent to the wavelengths of light that excite the QDs integrated into the

nanovoids.
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