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Quantum dots are novel semiconductor nanostructures that show great potential to be the future
of a wide range of nanoscale optoelectronic device applications like photodetectors, solar cells
and lasers. Self-assembled InAs quantum dots (QDs) grown in a GaAs matrix are proposed to
be the primary elements for single and entangled photon sources used in quantum cryptography
and gquantum information processing. In order to incorporate quantum dots into optoelectronic
and nanophotonic applications, they need to be fabricated close to the device surface.

Generally, a semiconductor-capping layer is overgrown on the quantum dots to stabilize them



and to minimize surface effects. The aim of this thesis is to investigate the influence of a GaAs

capping layer on the optical properties of the InAs quantum dots.

The optical properties of single InAs/GaAs QDs are investigated as a function of their distance
from the GaAs/air interface. Interaction between the zero-dimensional quantum dot states and
surface states are studied in close-to-surface individual QDs having a well-defined electronic
structure. Capping the QDs with an overgrown GaAs layer has significant effects on the
structural and optical properties. The influence of a capping layer of different thicknesses,
mainly on the optical properties of QDs, has been experimentally investigated using low-
temperature photoluminescence spectroscopy, micro-photoluminescence spectroscopy and
time-resolved photoluminescence spectroscopy. The QD photoluminescence (PL) and carrier
lifetime measurements show that quantum tunneling effects result in a sharp reduction of
photoluminescence efficiency and carrier lifetime with decreasing wetting-layer-surface
distance. For distances less than 40 nm, broadening of the PL linewidths of single QDs was
observed. Since the exciton recombination time and efficiency are the same as exhibited by
QDs situated in the bulk, the most likely cause of the observed PL linewidth broadening is

spectral diffusion or dephasing.
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Chapter 1

1 Introduction

A crystalline material that is restricted in all the three spatial dimensions such that its electron
and hole wave functions are confined within its volume is called a quantum dot (QD). Due to
this confinement, termed as the “Quantum Confinement Effect”, the energy levels of the charge
carriers become quantized (figure 1.1). These quantization effects are more pronounced when
the confining region’s dimensions are comparable to the de Broglie wavelength (Aps) of the

carriers.
h

v 2mkgT

where, h is Planck’s constant, kg is Boltzmann’s constant, m is the effective mass of charge

App =

carriers inside the semiconductor and T is the absolute temperature. This results in the
electronic and optical properties of quantum dots being dependent on their physical and

structural properties at the nanoscale.

b A — — CB
a |
Confined
|
; Quantum Dot electron states
&
o
{ -
w
I Confined
! hole states
Semiconductor matrix VB

Figure 1.1. (a) An illustration of a QD in a semiconductor matrix. (b) A schematic of

conduction and valence band at nanometric scales.

Semiconductor QDs are generally based on direct bandgap semiconductors, so that electronic

transitions are direct both in real and in reciprocal space. They usually contain a few hundred

1



to a few thousand atoms. Although the size of a QD is much larger when compared to individual
elemental atoms, they are often referred to as artificial atoms because they are still able to
confine charge carriers in all three spatial dimensions. This three-dimensional confinement of
charge carriers within a QD allows for a wide range of traditional optoelectronic applications,
which include photodetectors [1], LEDs [2], Laser diodes [3] and solar cells [4], [5]. These
applications are based on the fact that these discrete energy levels can be modified by tuning a

QD’s physical parameters such as shape, size, strain, and material composition.

Single-QD based devices have a single, localized/isolated quantum dot functioning as the
active region that acts as a source for single photons and entangled photon pairs, with emission
wavelengths ranging from the Ultraviolet to the Infrared. Single-QD devices promise a few
distinctive advantages. For instance, the inhomogeneous or statistical broadening of the energy
spectrum, which is inherent in the study and experimentation of QD ensembles, is largely
minimized. Other obvious advantages include narrow and highly stable photoluminescence

responses of isolated QDs, which make experimentation very convenient and efficient.

One of the most important applications of single-QD based devices is the generation of single,
entangled and indistinguishable photons. Increasing interest in the fields of quantum
cryptography [6] and quantum communications [7] over the last few decades has led to an
unsurprisingly high amount of research into single-photon sources [8]. Single-photon sources
are of paramount importance in numerous quantum information processing applications
including linear optical quantum computing, quantum key distribution [6] and quantum
memories [9]. Therefore, semiconductor quantum dots show great promise to be the

forerunners of solid-state single-photon emitting devices [10]-[13].

A single-photon source generates photons that are distinguishable in time, that is, they are
antibunched. Traditionally, single photons were generated by aggressively attenuating a strong
light source. It is imperative to note the difference between an attenuated light source and a
single-photon source - a laser may be designed to produce a single photon at any instant of time
through attenuation, but it must be noted that the light produced still obeys classical statistics.
Therefore, attenuated laser light will be contaminated with photon pairs and photon triplets.
Quantum computing applications use photons that are governed by the rules of non-classical
statistics. The ideal single-photon source produces completely deterministic light pulses of a
well-defined polarization, on demand, and contains exactly one photon [14]. Incidentally,
individual InAs QDs serve as an excellent source of single and entangled photons. Single InAs



QDs have been the topic of intense research in the recent past [15]-[17], which has revealed

lot of details about their electrical and optical properties.

In order to implement single-QD devices for practical applications, the QDs must be grown
close to the surface of the device. QDs grown close to the surface can be used in nanophotonic
and nanoplasmonic applications. They also serve as an excellent platform to study experimental
quantum cavity electrodynamics, which could help in understanding light-matter interactions
at the nanoscale with unprecedented detail. Recently, there have been numerous reports on
coupling QDs with optical cavity modes existing within microdisks [12], micropillars [18],
[19] and photonic crystal microcavities [20], [21]. For implementing these designs practically,
the QDs must be situated just tens of nanometers from the surface; under such conditions, the
interaction between the QD and the surface states might cause degradation to the optical
properties. This thesis carries out a systematic study of the optical properties of near-surface

InAs/GaAs QDs situated at varying distances from the surface.



Chapter 2

2  Self-assembled InAs/GaAs quantum dots

2.1 Introduction to molecular beam epitaxy

Molecular beam epitaxy (MBE) is a very sophisticated technique suitable for growing thin
layers made of metallic, semiconducting and insulating materials. J.R. Arthur and Alfred Y.
Cho invented MBE at the Bell Telephone Laboratories in the late 1960s [22]. Epitaxial growth
is the process in which atoms randomly deposited on the substrate rearrange themselves
according to equilibrium configuration. There is precise crystal orientation between the
epitaxial layers and the substrate. In MBE, epitaxial growth takes place layer-by-layer with
atomic thickness and precision under ultra-high vacuum (UHV) conditions. The source
materials for the films originate from elemental sources in the form of atomic or molecular
beams. Atoms and molecules from different beams strike the substrate, where they are adsorbed
onto the surface. Once on the surface, the atoms move around through surface diffusion until
they reach a thermodynamically favorable location on the substrate. Because the surface
diffusion of atoms requires considerable time, the quality of the film will be better with slower
growth rates. Typically, the growth rate in MBE is 0.5-3 um/h (1-3 monolayers). Inside the
chamber, pressure varies in the range from 102 mbar, which is the typical value of pressure in
an empty growth chamber, to 10 mbar, which is typically the pressure during the growth
process. A UHV environment reduces the number of impure particles inside the MBE system,
thus reducing unwanted adsorption of impurities on the growth surface. UHV also aids in
maintaining collimation and direction of elemental beams of atoms and molecules that
bombard the substrate in order to facilitate epitaxial growth. Additionally, depositing materials
in the form of atomic or molecular beams ensures the growth of extremely sharp and abrupt
interfaces between various layers. This feature is important for epitaxial growth of multiple

guantum wells, nanowires, quantum dots and other related nanostructures [23]-[27].

As mentioned before, in an MBE system, beams of atoms or molecules of different elements
are deposited on a heated base called a substrate. In this thesis, InAs/GaAs QDs are grown
using MBE. The most important parameters of MBE growth are material fluxes and substrate
temperature. Group 11 materials such as Al, Ga and In are injected from heated crucibles called

as effusion cells. The most common type of effusion cell is the Knudsen effusion cell. The



material flux from these effusion cells is controlled by turning on and off mechanical shutters,
whereas the temperature inside these cells determines the amount of material in the flux. Group
V materials such as N, P, As and Sb are introduced into the system from crackers with needle
valves. At low temperatures, quaternary molecules are introduced from the crackers, while at
higher temperatures the molecules tend to be in the form of dimers. Section 4.1 gives a detailed
explanation of the growth procedure followed in this thesis. Current MBE systems are
accompanied by pre and post-growth in-situ analysis techniques. Due to the presence of
relatively low residual gas on the surface and UHV conditions, analysis techniques like
reflection high-energy diffraction (RHEED) and ellipsometry can be used during the growth
process, in order to monitor and control the growth [28]. RHEED determines the growth rate
(in MLYs) of the epitaxial layers [23], while ellipsometry provides information about surface
roughness (or smoothness). The UHV environment also allows for post-growth analysis
techniques such as Auger spectroscopy [29], to determine the composition of layers and
scanning tunneling microscopy (STM) [30], [31], to study the surface topography in detail.

Figure 2.1 illustrates the basic schematic of an MBE system.
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Figure 2.1. A basic schematic representation of an MBE system [25].



During MBE growth, the atomic or molecular source materials get physisorbed or chemisorbed
to the substrate surface. On the surface, they may migrate to energetically favorable lattice
sites, which is essential for the formation of an epitaxial layer. Notably, the thermodynamic
behavior of the adatoms on the surface strongly depends on the material and the growth
environment. In an MBE, epitaxial growth primarily takes place in three growth mechanisms:
Frank-Van der Merve (FVM), Volmer-Weber (V-W) and Stranski-Krastanow (S-K) (shown in
figure 2.2). In Frank-Van der Merve mode, the epitaxial growth takes place in two-dimensional
layers, which is the most desirable to grow planar thin films. VVolmer-Weber mode involves
pure three-dimensional growth that results in clustering of the deposited material into small
islands [23]. The Stranski-Krastanow mode initiates layer-by-layer growth of the material and

subsequently culminates in three-dimensional island formation.

——

(a) Volmer-Weber (b) Stranski-Krastanov (c) Frank-Van der Merwe

Figure 2.2. An illustration of the fundamental epitaxial growth modes [23].

Basic distinction between the FVM and the V-W modes can be made based on surface and
interface tension. In the F\VM mode the interaction is weaker between neighboring atoms than

with the atoms of the substrate:
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Where, v, and vy are the film-to-substrate and the surface-to-vacuum surface tensions and vy
is the film-to-substrate surface tensions. Whereas, the case for V-W mode is exactly the

opposite.

Vg <Vyq+VE

Many factors play a role in the S-K growth mode, but the most relevant requirement for the

growth of QDs is the presence of a certain lattice mismatch between the substrate and the film.

2.2 Pseudomorphic and metamorphic growth modes

Heteroepitaxy is the epitaxial growth of crystalline material on a crystalline substrate of a
different material. If the epitaxial layer’s lattice constant is smaller or larger than that of the
substrate, it is said to be lattice-mismatched. Usually, the epitaxial layer has a lattice constant
more relaxed than that of the substrate [32]. The lattice mismatched is defined mathematically

as

where, a. and as are the equilibrium lattice constants of the epitaxial layer and the substrate,
respectively. In heteroepitaxial systems with lattice mismatch of |f| < 2%, the growth of the
initial few epitaxial layers tends to be coherent, or pseudomorphic, in nature. In simple words,
the epitaxial layer tries to take on the lattice constant of the substrate in the direction of the
growth plane. The general assumption here is that the substrate is thick enough that it is
unstrained and is not affected by the epitaxial growth of subsequent layers. Figure 2.3 illustrates

the epitaxial growth of two lattice-mismatched materials.
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Figure 2.3. Epitaxial growth of lattice-mismatched materials. (a) depicts the equilibrium

(d)

crystal structures of substrate and epitaxial layer. (b) represents pseudomorphic growth of the
epitaxial layer. (c) shows the thickness of the epitaxial layer approaching critical thickness. (d)
illustrates the formation of a misfit dislocation (MD) when the layer thickness has exceeded

the critical value and has resulted in the epilayer becoming metamorphic [33].

The substrate has a smaller lattice constant than the deposited layers (as < ae). Thus, the
epitaxial layer has a compressed lattice constant in the direction of the growth plane in order

to compensate for the lattice mismatch. This results in an in-plane elastic strain defined as,

where, aj, is the in-plane elastic constant of the epitaxial layers. With increase in the thickness
of the epitaxial layer, there is strain energy built up in the pseudomorphic layer. When this
growth reaches a certain layer thickness, called the critical layer thickness, he, the strain energy
becomes so large that it becomes thermodynamically and energetically favorable for the system
to introduce misfit dislocations (MD) at the substrate-layer interface. These MDs in the
interface relax some of the strain caused by the lattice-mismatch. In the layers grown beyond
the critical thickness, the mismatch is partially accommodated by MDs (plastic strain) and

balanced by elastic strain. In this case,

e=f—-96



where, & is the amount of strain relieved by the introduction of MDs. At this point, the growth
is said to be metamorphic in nature and the subsequent partially relaxed layers are referred to
as metamorphic layers. Ideally, the value of hc can be determined from the lattice mismatch
and elastic properties of the different materials in the system. However, in practice hc is tricky

to determine accurately, as it is also affected by growth conditions [34].

The typical epitaxial growth mode for moderately mismatched (f in the range of 0 to 2%)
InGaAs grown on GaAs substrate begins as a pseudomorphic layer-by-layer growth, followed
by formation of MDs at the critical thickness, hc, and ends in metamorphic layer growth, which
is the result of plastic strain relaxation [35]. As the mismatch becomes more prominent, the
three-dimensional Stranski-Krastanow growth becomes the most energetically favorable
consequence of strain relaxation. The InAs QD samples investigated in this thesis are grown in
Stranski-Krastanow mode. The principles of the Stranski-Krastanow growth mode are

discussed in detail in the following section.

2.3 Stranski-Krastanow growth of InAs quantum dots

Misfit-driven Stranski-Krastanow (S-K) growth is one of the most commonly used methods to
grow self-assembled QDs. Ivan Stranski and Lyubomir Krastanow theoretically proposed this
mechanism as early as in 1937 [36]. However, it was only in 1985 that the formation of self-
assembled semiconductor QDs based on strained heterostructures was experimentally observed
in the InAs/GaAs system [37]. Consequently, experiments carried out in the mid-1990s [38],
[39] demonstrated that a 7.2% mismatch in the lattice of InAs/GaAs system facilitates

controllable growth of three-dimensional nanoscale QDs by S-K growth mode.

During the S-K growth of InAs QDs, arsenic and indium fluxes are simultaneously supplied to
the substrate. The initial stage of growth is in the form of a two-dimensional wetting layer (WL)
on a lattice-mismatched substrate, as shown in fig. 2.4 (b), and gives rise to the formation of
strained monolayers. This pseudomorphic layer-by-layer growth continues until the film
thickness reaches a critical value, he, which is inversely proportional to the misfit strain at the
epilayer-substrate interface. After a critical thickness of typically 1-2 monolayers (critical
thickness for InAs is 1.6 monolayers), nucleation of InAs into three-dimensional islands begins

to take place in energetically favorable locations where local strain is accommodated.



Therefore, the structural symmetry of the QDs is fundamentally linked to the strain symmetry

of the substrate. Fig 2.4 (c) shows how the nucleation occurs on the strained monolayer.

# InAs
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Figure 2.4. Illustration of the Stranski-Krastanow growth mechanism of InAs QDs on GaAs
substrate. (a) the equilibrium crystal structures of InAs and GaAs are shown. (b) depicts the
formation of a two-dimensional InAs WL over the substrate. (¢) When the critical layer

thickness, he, is exceeded, InAs nucleates into a coherent three-dimensional island [33].

Formation of self-assembled InAs QDs (SAQD) in SK growth mode is a statistical process that
is dependent on growth parameters such as InAs growth rate (GR), substrate temperature (Ts),
and the ratio of In and As fluxes. These growth parameters control the structural properties of
the SAQDs. When the In flux hits the surface, In adatoms migrate on the surface until they
reach an energetically favorable location. The average distance that an adatom travels, called
the migration length, can be controlled by the growth parameters. The GR and Ts also determine
the InAs coverage, 6, which plays a crucial role in the SK growth of SAQDs. The average
height and base width of InAs SAQDs are in the range of 2 to 12 nm and 10 to 50 nm
respectively, while the dot density ranges from 1x108 to 1x10'* cm [40]. A direct consequence
of the statistical nature of formation of SAQDs is that they are randomly distributed on the

surface with their sizes varying according to a Gaussian distribution [41].
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2.4 Effect of capping on the structural properties of quantum
dots

After the InAs SAQDs are grown, an overgrown GaAs capping layer is generally required to
provide a well-defined confinement potential. Strong changes can occur to even
morphologically well-defined QDs during the capping process. Therefore, it is not prudent to
consider the shape of buried QDs to be the same as uncapped QDs. Buried QDs are typically
shallower than uncapped QDs. To understand this distinction in energy levels, it is important

to study the initial stages of the capping process.

While the GaAs capping layer is forming, the GaAs tends to avoid the apexes of the InAs QDs
because they are energetically unfavorable. Thus, in the initial stages of capping, there is no
GaAs growth on top of the elastically relaxed InAs islands. While the InAs QDs are covered
by the GaAs capping layer, they experience a dramatic reduction in their heights [41], [42].
This reduction of QD height is controllable through GaAs growth rate and temperature.
Because of the GaAs overgrowth, the elastic energy in the InAs QDs increases significantly
due to a decrease in the elastic strain relaxation. The surface energy of InAs is lower than that
of GaAs surfaces, which results in In atoms detaching from the top of the QDs and migrating
to the newly-formed GaAs surfaces, and thus creating a second WL [43], [44]. This process is
illustrated in figure 2.5. Eventually, the QD height stabilizes due to the influx of stray In atoms

and Ga atoms that cover the sides of the QDs.

Finally, as the GaAs capping proceeds, the QDs end up covered by GaAs. The rise in elastic
energy during the overgrowth process, in addition to abrupt composition gradient in the QD-
GaA:s interface results in a mixture of In atoms from the QDs and Ga atoms from the GaAs
surfaces. This intermixing process reduces the In content in the InAs QDs significantly and
creates various composition gradients based on the overgrowth conditions and original
morphology of the QDs [45]-[47]. Therefore, numerous morphologies of QDs can be designed
by controlling the InAs QD growth conditions and GaAs overgrowth.

11



Figure 2.5. Reduction in height of InAs QDs due to migration of In atoms from top of the
QDs to the GaAs surface (i) and In atoms from the WL shift to surface (ii) [33].

Depending on the conditions used for capping the QDs, a less or more pronounced smearing
of the QD structure can be achieved. This is important because changes in the physical
structure and the chemical composition have a noticeable effect on the energy bandgap of the
InAs/GaAs system, thus allowing the QD emission properties to be highly tunable. For
instance, a lower concentration of In in the QDs affects the energy bandgap of the QDs,

resulting in changes in the resonant energies required for excitation.

o 0.45

24 0.50

20 060
0.70
0.80

0.90
1.00

(wrl) ywbuaeaem

Bandgap (eV)
o

1.30
1.55

200

3.00
5.00

o8

04

00
52 54 56 58 60 62 64 66

Lattice Constant (A)
Figure 2.6. Relationship between bandgap and lattice constant for various I11-V compunds

[48].

12



2.5 Confined states and optical properties

The electronic structure of quantum dots defines their optical properties. An important
parameter that determines the optical properties of semiconductors is the density of states
(DOS) for charge carriers, which describes the number of quantum states per unit energy. The
DOS is strongly affected when the physical dimensions of a structure become small enough to
confine electrons and holes in more than one dimension.

= 3D > 2D = 1D = 0D
&0 20 =0 20
'_?;/ g;) 5/ ?J'.
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Figure 2.7. Graphical representations of DOS for 3D, 2D, 1D and OD structures [49].

In the 1970s, quantum confinement of charge carriers in one dimension resulted in quantum
wells (QW) and their successful application in laser technology [50]. The threshold current of
QW lasers were reduced by one order of magnitude compared to their bulk heterostructure
laser counterparts. This opened up a relatively new path to design ultra-efficient devices with
one or more dimensions of confinement (examples: quantum wire, quantum dot). The number
of available energy states near the band edge results in higher confinement of the structure.
According to Fermi’s golden rule, the overlapping of electron and hole wave functions due to
spatial localization leads to an increase in the probability of optical transition. Fermi’s golden

rule states that the rate of spontaneous emission depends directly on the number of available
energy states.

-y

4z 2
Wy =T _-’l*fﬂp‘ 2(Energy)
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where, Wit is the transition rate between initial and final states, Mit is the optical matrix element
and g(Energy) is the final density of states. Increase in spatial localization of the carriers due

to confinement leads to an increase in Mt and g(Energy) [51].

In QDs, the charge carriers are confined in all three spatial dimensions, resulting in an atom-
like energy structure as shown in figure 2.7. In the case of InAs/GaAs QD system, the bandgap
of InAs is smaller than that of GaAs. This allows for efficient trapping of the charge carriers in
the InAs QDs. The size of the potential well created by the QD affects the number of available
energy states for charge carriers within the QD. The carriers are typically injected optically or
electrically into the QDs through the GaAs matrix layer via the InAs WL. If the excitation is

substantial, multiple electrons and holes can be trapped simultaneously inside the QD.
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Figure 2.8. Schematic illustration of the energy structure of InAs/GaAs QD system.

At low temperatures, the de Broglie wavelength Apg is in the range of 10 — 100 nm. At such
small dimensions, the thermal energy is smaller than the spacing between energy levels in the
structure. Consequentially, the binding energy between electrons and holes due to Coulomb
attraction is larger than the thermal energy kzT leading to the formation of excitons, which
decay radiatively with spectra consisting of sharp peaks. The PL emission spectrum of an
individual QD shows several extremely narrow peaks that correspond to excitonic states such

as neutral single exciton (X), charged single exciton (X*), biexciton (XX) and charged

14



biexciton (XX*). The schematic representations of excitons are shown in figure 2.9. A neutral
single exciton contains an electron-hole pair, while a charged single exciton has an additional
electron or hole. Similarly, a biexction contains two electron-hole pairs confined in the QD,

while a charged biexciton contains an additional electron or hole.

e A

A X X

Figure 2.9. An illustration of the different types of excitons that can be formed [49].

An exciton’s spatial extent in a dielectric medium is determined by its Bohr radius, a.

4meye, h?
a=—F>5
ue
where, &, is the relative permitivitty of the medium and p” is the reduced electron-hole effective
mass. Typically, it is more convenient to describe a QD as an entity that occupies a region of
space with sizes comparable to the Bohr radius rather than considering Apg for electrons and
holes separately. With respect to atoms, QDs proffer the advantage that they can be embedded

into a solid state matrix because of their fixed position in space.

A QD can be optically excited in various ways, depending on where the photo-excited carriers
created. One method is to create a reservoir of charge carriers in the surrounding material by
tuning the laser to excite electrons into the conduction band of the WL or the GaAs matrix. The
charge carriers then relax to lower energies, through scattering, and fill up the quantized energy
levels of the QD and spontaneously recombine to emit a photon. Another method, called quasi-
resonant excitation, consists of tuning the laser energy to the higher energy states within the
QD. In resonant excitation, a laser is finely tuned to the bandgap of the QD. For an InAs/GaAs
QD system in this thesis, the resonant excitation wavelength is 850 nm, while the quasi-
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resonant excitation wavelength is 895 nm. The non-resonant excitation wavelength used in
experiments is 640 nm. As evident from figure 2.10, each optical excitation scheme

individually excites different parts of the energy band.

CB

VB

Figure 2.10. (a) non-resonant, (b) quasi-resonant, (c) resonant optical excitations [52].

To incorporate QDs into optoelectronic devices, they are capped by a semiconductor layer.
This efficiently reduces unwanted nonradiative recombination on surface states. Optical
properties of QDs are strongly affected by the capping layer. Radiative recombination of an
exciton in a QD results in emission of a characteristic photon. The energy of the emitted photon
is equal to the energy difference between the electron and hole states. Primary parameters that
affect a QDs energy states are the chemical composition and height of the QD. For InAs/GaAs
QDs, the emission energy is reported to fall in the range of 1.4 eV, for shallow QDs, to 0.8 eV
for deep QDs [53] (as described in Figure 2.11). In this thesis, the emission wavelength range
of the QDs is tuned to fall in the range of 930 nm to 950 nm.
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Figure 2.11. A schematic representation of a deep QD (left) and a shallow QD (right) and their

corresponding emissions.

Stray electrical charges from adjacently situated QDs cause the emission energies of, for
example, excitons and biexcitons to differ. Therefore, while studying the optical properties of
single QDs, resonant excitation excitation along with a very narrow area of PL collection is
necessary for high quantum efficiencies and long coherence times of the emitted photons.
Single-photon emission from QDs is based on the cascaded emission process, where the last
photon emitted after a very short excitation pulse is separated in energy from the others. This
facilitates for the isolation of photons, thus making the QD a potential single-photon source
[12].

17



Chapter 3

3

3.1

Research Methodology

Sample growth by molecular beam epitaxy

The samples studied in this thesis were grown in a VG V80 MBE reactor, which consists of a

sample preparation chamber and a growth chamber. This system is equipped with indium,

aluminium and gallium effusion cells as group Il sources and phosphorous and arsenic

crackers as group V sources. The various steps in the growth process are mentioned below.

1.

7.
8.

Annealing of GaAs substrate in the sample preparation chamber for 60 minutes at 250°
C. It is done to remove any contaminants or water molecules that might be present on

the sample or sample holder.

. Annealing of the sample in the growth chamber for 10 minutes at 615° C. This is an

important step performed to remove oxides from the substrate.

Growing 100 nm GaAs buffer layer on top of the GaAs substrate at 580° C with a
growth rate of 0.3 um/h. The buffer layer is grown to minimize the surface roughness
of the GaAs substrate and to improve surface quality.

Growing 100 nm Al (0.7) Ga (0.3) As buffer layer at 580° C with a growth rate of
1um/h. The AlGaAs buffer layer acts as a charge-confinement layer. It prevents any
stray charges in the upper layers from entering the substrate.

Growing 100 nm GaAs layer at 580° C with a growth rate of 0.3 um/h. The InAs QDs
are embedded in this GaAs layer.

Growing InAs QDs at 533° C with a growth rate of 0.05 um/h. The V/III beam
equivalent pressure (BEP) denotes the ratio of the group V flux to the group Il flux. In
this case the BEP (As/In) = 30.

Capping the InAs QDs with GaAs overgrowth layer at 533° C.

Rapid cooldown of the sample under As flux.

While growing the QD layer, a very precise amount of material was used to grow the WL. A

very slow growth rate is necessary to control the amount of material exposure accurately. These

parameters strongly determine the morphology of the QDs that are formed. Another important
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growth parameter is the growth temperature, which affects the density of QDs in the sample. It
is a simple case of the Goldilocks principle. If the temperature is too high, too much material
from the epilayer is evaporated, resulting in a lack of QD formation. If the temperature is too
low, the density of the QDs is very high, resulting in agglomerations or clumping of QDs.
Therefore, it is important to find the right growth temperature for a particular material system.
During the growth of samples used in this thesis, there was a temperate gradient of 5to 10 °C
present over the sample. This variation in temperature across the sample resulted in a gradual

decrease in the density of QDs towards the sample edge.

The next few lines provide a brief description of the basic physical structure of QDs fabricated
in this thesis. A circular GaAs (100) wafer of 350 um thickness was used as the substrate. A
100 nm GaAs buffer layer was grown on top of the substrate. Then, 100 nm of Al (0.7) Ga
(0.3) As was grown, which acts as a charge-confinement layer. Next, a 100 nm GaAs layer,
called the GaAs matrix, was grown. A very thin InAs WL was grown on top of the GaAs
matrix. Once the thickness of the WL exceeded the critical value, INAs QDs began to form on
the GaAs matrix layer. An overgrowth of GaAs capping layer was done after the embedded

QDs were formed.

InAs quantum dots &——— InAs quantum dots

Al(0.7)Ga(0.3)As
charge-confinement layer

Figure 3.1. Basic schematic of the samples grown without surface dots.

Two types of samples were grown based on different overgrowth processes. For the
experiments performed to investigate optical properties of QDs in this thesis, samples with
varying GaAs capping layer thicknesses were fabricated. The various capping layer thicknesses
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are 20 nm, 30 nm, 40 nm and 60 nm. This means that the InAs QDs are situated at 20 nm, 30
nm, 40 nm and 60 nm distances from the top of the capping layer (i.e. sample surface. Figure
3.1 shows the basic schematic of the samples with GaAs capping layer. This set of samples
(with varying GaAs capping layer thickness) was used for studying the effects of QDs that are

close to the sample surface (at varying distances of 20 nm, 30 nm, 40 nm and 60 nm).

InAs quantum dots

Figure 3.2. A schematic of the samples that have undergone overgrowth of GaAs capping
layer. The GaAs capping layer thickness has 4 different thicknesses: 20 nm, 30 nm, 40 nm and
60 nm.

A second set of samples was grown with the same basic structure. But, in addition to the InAs
QDs that are embedded in the GaAs matrix, a layer of QDs was grown on top of a 100 nm
GaAs capping layer (as shown in figure 3.3). These surface QDs provided the opportunity to
study the structural properties. It must be noted that even though the surface dots were subject
to rapid cooling immediately after they were grown, some diffusion of some In atoms took
place across the surface (refer figure 2.5). This means that the surface dots have significantly
different morphologies (in terms of QD height, width and composition) compared to the QDs
embedded in the GaAs matrix. Therefore, the surface QDs provide reliable information about
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the QD density in the sample. However, they do not necessarily exhibit the same morphologies
as the embedded QDs.

InAs quantumdots —

<——— InAsquantumdots

InAs quantum dots &——— InAs quantum dots

As substrate

S oy o e

Figure 3.3. Basic schematic of the samples grown with surface dots on top of a 100 nm GaAs

capping layer.

Only the embedded QDs are optically active. Nonradiative surface recombinations are
dominant in QDs on the surface. However, since the QDs at the surface were fabricated under
identical growth conditions as the embedded ones, the density of the active QDs can easily be

determined by scanning electron microscopy (SEM) of the sample surface.
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3.2 Scanning electron microscopy

Scanning Electron Microscopy (SEM) is a useful method to study a sample’s surface in detail.
A narrow electron beam studies the surface that is sometimes coated with a thin film of gold
or platinum to maximize contrast and signal-to-noise ratio [54]. At present, SEM greatly helps
in understanding the surface characteristics of nanostructures, mainly due to significant
progress in SEM for imaging and elemental analysis in terms of resolution (both spatial and
lateral) and sensitivities [55], [56]. The basic components of SEM are the electron gun, electric
or magnetic lenses, deflection coils and detectors. The electron gun is usually consists a heated

Tungsten filament that generates a high-energy electron beam.

Electron source

| ] Anode

X Condenser lense
Electron beam ——p'

Scan coils

Secondary

electron detector Objective lens

~
S

| ]  Sample

Figure 3.4. A basic schematic diagram of scanning electron microscopy.

The beam is accelerated and collimated into a probe using electric or magnetic fields, after
which it is focused through the condenser lenses onto the sample surface. The entire chamber
is maintained under total vacuum in order to maintain the collimation of the electron beam.
Without a vacuum, the electron beam would experience interference from air particles that

would distort the images obtained from the surface. The deflection or scan coils help in
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controlling the movement of the beam spot over the surface of the sample and the beam is then
projected towards the sample by the objective lenses. Fig 3.4 shows the basic schematic of

SEM with its components.

electron
Auger Incident  Secondary beam

Electrons Electrons Electrons

Back-scattered

Electrons electron

beam

X-rays

many
electrons
escape

few
electrons

surface

Sample

(a) (b)

Figure 3.5. (a) Gives an illustration of the interaction volume in an SEM. It shows various
emissions that occur when an electron beam strikes the sample surface. (b) Demonstrates the
“edge effect”, according to which there is an increased emission of electrons from edges and

peaks.

The electron beam-turned probe raster-scans across the sample surface. The scanning results
in interactions between the sample surface and the electron beam resulting in various types of
emissions that are captured by appropriate detectors. The most important of these interactions
are the ones that produce backscattered electrons (energies larger than 50 eV) and secondary
electrons (energies lesser than 50 eV) which provide morphology/surface topology and
elemental composition information respectively, while a more detailed compositional
information can be obtained by detecting characteristics X-rays from the interactions [57].
There are separate detectors for backscattered and secondary electrons. Fig. 3.5 (a) shows the
interaction volume between the electron beam and the sample surface. Different interactions

take place at various depths of the sample, leading to impacted electrons that are distinguishable
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in energy. The backscattered electrons are the product of an elastic scattering between the
electron beam and the sample. The atomic number of the atoms in the sample determines the
probability of occurrence of elastic scattering. Hence, backscattered electrons provide great
compositional information. The secondary electrons that are generated from inelastic scattering
have sharp contrast on surface topography of the sample. This sharp contrast from secondary
electrons is governed by the edge effect: the number of secondary electrons emitted from edges
and peaks is more than the number from flat areas and depressions, therefore leading to
increased brightness from sharp features. The edge effect can be reduced by lowering the
energy of the incident electron beam. This also results in lower backscattered electrons
emission, improving the contrast in secondary electron images. The edge effect is depicted in
fig 3.5 (b).

In this thesis, signals from secondary electrons were used to characterize the InAs/GaAs
quantum dot samples based on the quantum dot densities and QD size. The SEM setup used
for obtaining images for this thesis was the Carl Zeiss Ultra-55, which has an in-lens detector
to detect secondary electron signals. The images from the SEM were analyzed using ImageJ
software and WSxM 5.0 develop 9.0 software. The area of study in every SEM image was
identified using ImageJ software, which was used to translate the number of pixels into the area
of study. WSxM is designed to analyze scanning probe microscopy images but it can also
provide qualitative information about the topography of samples from gray scale images in
TIFF format [58].

3.3 Atomic force microscopy

An atomic force microscope (AFM) is a scanning probe microscopy technique that helps in
obtaining high-resolution, 3-dimensional topographic and surface morphology images of a
sample. It has a lateral resolution in the order of 1 nm and a vertical resolution of less than 0.1
nm. As with the other scanning probe techniques, in the AFM too, a probe scans over the
sample and the forces present between the probe’s tip and the sample’s surface are measured.
The forces of interaction (either attractive or repulsive) between the tip and the sample fall
under a wide range of categories such as Van der Waals, electric, thermal, magnetic, etc. Each

technique might have different hardware components and software for processing but the
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underlying principle is the same. One major advantage the AFM holds over its predecessor, the
scanning tunneling microscope (STM), is its ability to study insulators, in addition to metals
and semiconductors. This is not possible when using an STM since its operating principle
depends on a measuring an electrical current (tunneling current) between the tip and the
sample’s surface. Whereas, the AFM opens up the possibility to study the physical forces of
interaction between the tip and an insulator’s surface that results in high-resolution topographic

images.

The principle of AFM is to measure a force of interaction between a probe’s very sharp tip (in
the order of 10 nm) and the sample’s surface. Figure 3.6 represents the operating principle of

AFM. The tip is at the end of a small, flexible cantilever.

Force

QUARANT
PHOTODIODE LASER

' Contact mode R =
L epulsive
/ ’ forces

PIEZO SCANNER ; Probe-sample distance

/’f Attractive

forces

ali Non-contact mode

%,—/
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SAMPLE contact mode

Figure 3.6. Operating principle of AFM with all its components. Figure 3.7. A graph

displaying the various modes of operation in AFM.

The cantilever is mounted on a piezoelectric scanner that moves in the horizontal as well as the
vertical direction when voltage is applied appropriately to the X, Y and Z electrodes. There are
three modes of operation of an AFM: Contact mode, non-contact mode and tapping mode.
Figure 3.7 gives an illustration of the relationship between the interaction force and the tip-to-
sample distance in the three different modes of operation. Each mode has its own merits and
demerits depending on the sample and the conditions. In this thesis, the AFM was operated in

the intermittent contact mode, in other words, tapping mode. In this mode, the cantilever ideally
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operates at its resonant frequency. As the tip moves towards the sample surface, it experiences
a deflecting force. This opposing force in turn affects the resonance of the cantilever. A laser
beam from a diode laser bounces off the top of the cantilever and hits a quadrant photodiode.
The change in the cantilever’s operating frequency is determined by translating the changes in
the position of the laser beam spot on the photodiode to change in frequency. For the
experiments, Digital Instruments (Veeco) Dimension 3100 AFM was used to analyze the
topography of various samples. The most important application of the AFM in this thesis was
to determine the heights of QDs in different regions of the sample. WxSM software was used
to analyze the topographic images from the AFM. It is a freeware application that is dedicated

for analyzing and processing scanning probe microscopy data.

The samples that were studied using the AFM had QDs on top of the GaAs capping layer
(shown in figure 3.3). The experiments were carried out in such a way that in each sample,
QDs that were at varying distances from the center of the sample were studied. For example,
in sample K7451, the QDs at distances of 0 mm, 2.5 mm, 5mm and 7.5mm from the center of
the sample were studied. This procedure was followed in order to study the profiles of the QDs
in different areas of the sample, thus collecting information about changes in QD morphology
with respect to growth temperature. More information on the results of these experiments using

the AFM is presented in section 4.2.

3.4 Photoluminescence microscopy

Photoluminescence spectroscopy measures the spontaneous emission of photons that are
generated by the recombination of confined charge carriers. The electron-hole pairs (excitons)
are created from optical pumping of a semiconductor by an excitation laser. When a
semiconductor is optically excited, electrons jump from the valence band to the conduction
band (provided the optical pumping energy equals the bandgap of the material), while holes
occupy vacant states in the valence band. These excited electron-hole pairs may either undergo
radiative recombination by emitting a photon of energy equal to the bandgap of the
semiconductor material or nonradiative recombination via thermal relaxation (resulting in
phonons [59]). Non-radiative recombination takes place at impurity sites and defect centers in

the material and they end up as excess states in the bandgap. Nonradiative recombination
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occurs at material surfaces where dangling bonds on material surfaces form surface states.
Surface recombination is an unwanted phenomenon while investigating QDs. The effect of
surface states can be minimized by passivating with a material of larger bandgap that prevents

carrier diffusion to the surface states [60].

In this thesis, two different PL setups were used to conduct preliminary studies of the QD
samples. Room temperature PL measurements were performed using an Accent RPM2000 PL
mapper. A laser beam illuminates the sample and the PL is detected with a charge-coupled
device (CCD). Low-temperature PL spectroscopy (LTPL) was used to study the PL spectra
from an ensemble of QDs in a particular area of the sample. As mentioned in section 4.1, there
is a variation in QD density across the sample due to a temperature gradient present during
their fabrication. Using LTPL spectroscopy, PL responses from different areas of the sample
are studied. Some important results are obtained from the PL responses. The position of the PL
peak on an energy scale denotes the average ground state energy of a QD ensemble. This
information is useful when selecting areas of the sample with respect to the QD emission
wavelength. Another essential detail from PL spectra is the width of the PL peak. The wider
the peak is, the more uniformly distributed the QDs are (with respect to emission wavelength).
This is important feedback for fabricating subsequent QD samples. For LTPL experiments, the
excitaiton source was a variable-power laser beam of 532 nm wavelength . The measurements
were conducted at temperatures ranging from 13.5 K to 15.4 K. The laser light passed through
a chopper that rotates with a frequency of 225 Hz. The results obtained from LTPL experiments

are presented in section 4.3.

3.5 Micro-photoluminescence spectroscopy and imaging

Micro-photoluminescence (U-PL) spectroscopy is a robust and a versatile tool for investigating
the optical and electronic properties of individual nanostructures. A laser excites charge carriers
from occupied states to empty states. The photo-excited charge carriers recombine after an
extremely short period and emit a characteristic photon (spontaneous radiative recombination),
giving rise to a PL signal. In conventional PL spectroscopy, ordinary macroscopic lenses

collimate and direct the laser beam on the sample. The spatial resolution of conventional PL
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spectroscopy might be good enough to characterize bulk materials and ensembles but it
becomes insufficient to investigate individual nanostructures. Though the principle of

operation of p-PL spectroscopy is the same as a regular PL spectroscopy, microscopic

objectives in u-PL setups allow a better spatial resolution.

In this thesis, the investigation of optical properties of individual QDs was carried out with the
M-PL setup schematically shown in Figure 3.8. The samples were mounted on an XYZ-piezo
stage inside a low-vibration closed-cycle helium cryostat (which can be cooled down to 5K)
enclosed by a vacuum shroud. The vacuum shroud effectively maintains UVH conditions
inside the sample chamber, thus protecting the sample from being exposed to atmospheric
contaminants. A piezo controller controlled the position of the sample along the lateral and
vertical directions. For coarse sample alignment, an external light source (in this case, an LED)
and a high-resolution camera were used. Laser beams of various wavelengths (640 nm, 850 nm
and 895 nm) were used to excite the QDs in order to analyze their PL responses. As the QDs

are sensitive to the energy of excitation, the power incident on the sample was monitored

Camera Laser Sample
mounted
Spectrometer on piezo
stage
A r .
ll",l " Variable
."I Polarizer and - attenuator
1] [ half wave plate |
iﬂ J } E I[ L "—E:t He cryostat
CcCD Power _ v o
detector Slit and filter meter Microscope objective

Figure 3.8. A schematic diagram of the p-PL setup used for investigating optical properties of

individual QDs.
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by a power meter. The incident power could be varied up to six orders of magnitude using a
variable attenuator. The laser beam was focused down to a spot size of 1 um on the sample
with a 50x high numerical aperture objective. This allowed focusing of the beam spot on a
single InAs QD on the sample. The resulting PL emission was collected by the same
microscope objective and forwarded through an appropriate high-pass filter into a very narrow
slit. The slit width was adjusted precisely in order to isolate the PL signal from a very small
area on the sample, thus essentially collecting emission from individual QDs. A spectrometer
that is equipped with two gratings of 1200 lines/mm and 1800 lines/mm each helped in forming
spectral images from the PL response. The spectrometer setup has a spectral resolution of 30
peV. A Peltier-cooled 2D CCD detector collected the PL response. The axis of the slit, through
which the PL emission enters, acts as the Y-axis for the spectral images. After the PL emission
from the samples enters the spectrometer, it is dispersed into a spectrum by the grating. This
spectrum falls on the 2D detector and forms the X-axis of the spectral images. In addition to
conventional PL spectroscopy, polarization-dependent measurements were carried out using a
polarizer and a half-wave plate. Time-resolved PL measurements are also possible using the
same setup with the help of an additional avalanche photo detector (APD). It is explained in

detail in section 3.6. The results from p-PL experiments are presented in section 4.4.

3.6 Time-resolved photoluminescence spectroscopy

In semiconductors devices, charge carrier dynamics are determined by the architecture and
functions of the respective material and directly reflect on the quality and nature of wafer
materials. This makes efficient and precise measurement of the charge carrier lifetime an
essential requirement for characterizing these systems. For certain classes of semiconductors,
the characteristic charge carrier lifetime depends strongly on the nature and dimensions of the
materials involved. Furthermore, surface effects and passivation, as well as the influence of
possible impurities, dopants and defect sites can play a significant role in variations of carrier
lifetime. Since photoluminescence of semiconductors offers a direct insight into the charge
carrier dynamics, the general methodology of time-resolved photoluminescence via time-
correlated single photon counting is highly suitable for the analysis of the phenomena that
determine fast charge carrier dynamics in a semiconductor. In time-correlated single photon
counting (TCSPC), the detection of single photons from a periodic/pulsed light signal is

performed by measuring the detection times and reconstructing the waveform from the
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individual time measurements. TCSPC is based on the fact that for low-level, high repetition
rate signals, the light intensity is generally low enough that the probability to detect more than
one photon in one signal period is negligible. When a photon is detected, the instant of arrival
of the corresponding detector pulse during the signal period is measured. Over the course of
several signal periods, a large number of photons has been detected and the distribution of
photons over the time period of the signal builds up. The results represent the waveform of the

“optical” pulse.

As mentioned in section 3.5, time-resolved photoluminescence spectroscopy measurements
can be carried out in the same setup used for p-PL spectroscopy. The sample is kept in a
cryostat and is illuminated by a pulsed laser. The spontaneously emitted light is collected and
can be directed either to a charge-coupled device camera for sample alignment or to a
spectrometer equipped with a fast single-photon counting avalanche photodiode (APD) for
time-resolved measurements. Excitation sources were 640 nm and 850 nm lasers of 80 MHz

pulse repetition rate that excite the GaAs matrix and the InAs wetting layer, respectively.
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Chapter 4

4 Results and discussions

4.1 Results from SEM

Table 4.1. A compilation of data that shows displaying a changes in QD density with respect

to distance.
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centre of Image _ .
dens|ty 3,00E+009 |
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(mm) % 200E+008 [
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0 1754 327x10° © T
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c 1,00E+009 |
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500E+008 |-
5 17.74 2.82 x 10°
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0 2 4 f H] 10
7.5 17.77 1.25 x 10° Radial distance (mm)
8
10 17.79 3.57x10 Figure 4.1. A graph of non-linear
125 17.69 169 x 107 decrease in QD density from the

sample centre across the sample.

The results from SEM analysis are useful to learn about density of QDs on the surface.
Consequently, this information is useful to determine the density of embedded QDs. For SEM
experiments, samples containing surface dots are considered. From table 4.1, it is evident that
there is a non-linear decrease in QD density as we move away from the centre of the sample.

Figure 4.1 depicts a graph that compares QD density with radial distance (distance from the
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centre of the circular sample). This non-linear trend can be attributed to the temperature

gradient that is present across the sample during sample growth. Higher temperatures towards

Figure 4.2. Pictures (a) to (f) represent SEM images taken at 2.5 mm intervals starting from
the centre and moving towards the sample edge. A non-linear decrease in the QD density is

obvious from this set of images.
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the edges of the sample result in more evaporation of InAs. In atoms diffuse to energetically
favourable positions (away from the apex of the QDs). Thus, there is a low probability of QD
formation towards the sample edges. In the central region of the sample, there is a higher
density of QDs due to lower substrate temperature. As we move from the centre to the edge, a

stark variation in QD density along the radial direction is evident from figure 4.2.

4.2 Results from AFM
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Figure 4.3. Pictures (a) to (e) are AFM images taken at 2.5 mm intervals starting from the
centre and moving towards the sample edge. The small, bright yellow structures are surface
QDs. Larger, darker shapes in the background are the nucleation sites of embedded QDs.
Surface morphology properties of QDs are obtained from these images. It is noted that there is

a decrease in QD density as we move from the centre towards the sample edge.
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AFM measurements are performed on the samples containing surface QDs. As in the case of
SEM imaging, the samples are studied in intervals of 2.5 mm moving from the centre towards
the sample edge. AFM measurements provide information about how QD height varies across

the sample. Figure 4.4 shows a plot that displays variation in QD height with respect to radial

distance. It is noted that there is negligible difference in average height of the QDs, with the

average QD height being around 15 nm across the sample.

The purpose of performing AFM measurements is to determine the structural properties of the
QDs embedded in the GaAs matrix through the information obtained from studying the surface
QDs. However, due to GaAs capping over the embedded QDs, there is a slight reduction in QD
height. This reduction is not evident in the case of surface QDs because there is no capping
layer. Hence, it is not prudent to conclude the heights of embedded QDs from the AFM
measurements. The AFM measurements nevertheless provide useful feedback while growing
the samples regarding the formation and structure of QDs, and therefore help to plan the growth

of subsequent samples.

Table 4.2. Radial distance vs Average QD height.

Distance from 18
. | —u— Average QD height
centre of the sample | Average QD height
(mm)
I |
0 15.1 +/- 0.8 = 1/‘&%_% /J\l
: | |
2.5 15.8 +/- 0.8 o J
g 1|
g
5 15.5+/- 0.8
7.5 159 +/-0.8 e
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10 15.3+/-0.8

Figure 4.4. Plot showing
variation in QD height with
respect to radial distance.
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An interesting observation made from the AFM images in figure 4.3 is the lateral positioning
of surface QDs. From a magnified view of the images, it is noted that surface QDs generally
tend to grow on the outer regions of embedded QDs’ nucleation sites. It is not relevant to the
results presented in this thesis, but it is interesting to learn how QD growth is affected by the

topography of embedded structures.

A surface QD clearly formed
on the edge of the nucleation
" site of embedded QDs

Figure 4.5. An observation of the lateral positioning of surface QDs. Bright, yellow structures

are surface QDs, while the faded, dark-red structures are the nucleation sites of embedded QDs.

4.3 Results from low temperature PL

LTPL measurements are performed for samples that contain embedded QDs under the GaAs
capping layer. Important optical properties including InAs QD peak wavelength and InAs WL
peak wavelength are measured. Table 4.3 displays the results from LTPL experiments. The
peak emission wavelength from the WL at different areas across the sample remains relatively

constant, as expected. The peak emission wavelength from the QDs reduces non-linearly due
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to reduction in QD size on outer regions of the sample. Reduction in physical size of the QDs
leads to a higher emission energy [61], [62]. The reduction in size can also be partially
attributed to higher growth temperatures towards the sample edge leading to more intermixing
between GaAs matrix and the InAs QD layer. The intermixing changes the chemical
composition of InAs QDs (with more Ga present in the QDs) and results in changes in the
energy structure. By referring to figure 2.6, the bandgap can be theoretically determined for

different compositions of In, Ga and As.

Table 4.3. PL data collected from samples with surface INAS QDs on top of 100 nm GaAs
capping layer, under which there is a layer of embedded InAs QDs (refer figure 3.3). PL
intensity from embedded QDs decreases as we move away from the sample center. This
evidence is confirmed by a subsequent increase in PL intensity from the wetting layer (due to
the lack of QDs). A blue-shift in wavelength is also seen from the results of this experiment.

This shortening of wavelength of QDs is attributed to the QDs becoming smaller towards the

sample edge.
_ Peak
Distance o Peak o
Peak emission Peak o emission
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center of intensity
from InAs wavelength from
the _ from InAs
wetting layer from InAs ) embedded
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(nm) QDs (nm) InAs QDs
(mm) (a.u.)
(a.u.)
1.65 862 962 2.26 x 107 2.33x 103
4.65 863 947 4.17 x 10° 2.69x 107
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13 864 926 1.56 x 10° 6.55 x 10
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Figure 4.6. (a) QD peak intensity vs radial distance (b) WL peak intensity vs radial distance

Figures 4.6 (a) and (b) depict the variation in PL intensity from the WL and the QDs,
respectively, across the sample when moving away from the centre. As the density of QDs
decreases across the radius of the sample, the number of available QDs for carriers to relax in
also decreases. Therefore, the carriers end up spending more time in the WL and recombine
eventually. Hence, there is lower PL emission intensity from the WL in areas with high QD
density, whereas, PL response from WL dominates towards the sample edge (areas with low
QD density). This scenario is quite clear from figure 4.7, where, in the absence of a QD to relax

into, the charge carriers would simply stay in the WL.

GaAs matrix

L

masop S\ /\ —~>

e I

Figure 4.7. A schematic illustration of the relaxation and recombination processes in the
InAs/GaAs QD system.
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Figure 4.8. Peak QD emission wavelength vs distance from centre of the sample.
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Figure 4.9. Spectra from QDs at different radial distances with 500 pW excitation power.

The reason for the formation of smaller QDs towards the sample edge is due to the temperature
gradient present during sample growth (see section 3.1). This results in more In atoms to diffuse
across the surface, thus reducing the In content (with consequently more Ga composition in the

QDs due to intermixing of layers). Therefore, the combination of variation in structural
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properties and chemical composition of the QDs across the sample causes the emission
wavelength to decrease (as shown in figures 4.8 and 4.9). A decrease of In content in the QDs
also leads the peak PL emission to shift to shorter wavelengths. The energy structure changes
due to variation in the 111-V material’s chemical composition (in this case InAs). The bandgap
becomes smaller, leading to PL emission of higher energy (thus, shorter wavelength). Figure
4.8 is a plot that shows decreasing PL emission wavelength while moving towards the sample

edge.

4.4 Results from p-PL

In the pu-PL spectroscopy experiments performed during this thesis, individual QDs from

different samples that have varying GaAs cap layer thicknesses were studied. From the
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Figure 4.10. Plot of PL spectra from individual QDs in samples with different cap thickness.

results, it is evident that as the QDs get closer to the surface, their PL linewidths become wider.
This is due to the close proximity to GaAs surface states that provide the charge carriers with
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direct pathways to non-radiative recombination. Figure 4.10 shows a plot of the spectra from

individual QDs in samples with different GaAs cap layer thicknesses.

An important characteristic of PL spectra from QDs are excitonic linewidths. The samples of
varying capping layer thicknesses are excited with different laser excitation powers in order to
resonantly excite the embedded InAs QDs, GaAs matrix and the InAs WL separately. Exciting
each layer separately affects the type of excitons formed and their corresponding intensities.
Figures 4.11, 4.12 and 4.13 show power-dependent PL spectra from the sample with 60 nm

cap layer for different excitation energies.
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Figure 4.11. Power-dependent PL spectra from 895 nm laser excitation
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Figure 4.12. Power-dependent PL spectra from 850 nm laser excitation
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Three separate lasers of 895 nm, 850 nm and 640 nm are used for resonantly exciting the InAs
QDs, InAs WL and GaAs matrix separately. It is evident from the results that the excitonic

peaks shift based on which part of the sample is excited resonantly.

4.5 Results from time-resolved photoluminescence (TRPL)

spectroscopy
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Figure 4.14. Time traces for QDs that are at 20 nm, 30 nm, 40 nm and 60 nm from the sample

surface.
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The results from TRPL spectroscopy are presented in this section. The samples were excited
with two different excitation lasers of 640 nm and 850 nm with a periodic pulse repetition rate
of 80 MHz. In figure 4.13, the time traces for samples with capping layer thicknesses of 20 nm,
30 nm, 40 nm and 60 nm are presented in a single plot. The incident power of the focused laser

spot on the sample was 1 pW. It can be seen from figure 4.14 that the lifetimes of the carriers

are shorter when the QDs are closer to the sample surface. QDs that are situated at distances of
20 nm and 30 nm from the surface exhibit very similar carrier lifetimes while those situated

further away (40 nm and 60 nm) demonstrate a significant increase in their carriers’ lifetimes.
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Figure 4.15. Decay rates for QDs excited by 850 nm (left) and 640 nm (right) lasers.

The decay rates for the carrier lifetimes are presented in figure 4.15. Excitation wavelengths of
640 nm and 850 nm were used in a power dependent excitation scheme. The decay rates
decrease for QDs that are close to the surface, resulting in very short-lived charge carriers. The
proximity of the surface creates possible pathways for carriers to recombine immediately to

surface states nonradiatively. This is more prominenent as the QDs get closer to the surface.
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Chapter 5

5 Conclusions

In this thesis, the optical properties of close-to-surface InAs/GaAs quantum dots have been
studied using p-PL spectroscopy and time-resolved PL spectroscopy. From the p-PL
spectroscopy results, it is evident that for QDs closer to the surface, their PL linewidths are
broader. This could be due to interactions of the QDs with the surface. Two possible
mechanisms that could be responsible for this phenomenon are dephasing and spectral
diffusion. Though the nature of surface states is not very clear, it is safe to assume that some
carriers are trapped by these states and they generate an electric field that randomly shifts the
emission wavelengths of QDs situated nearby. If the trapping processes are slower than the
spontaneous emission lifetime of the QDs, spectral diffusion occurs. In this case, the QDs
would experience a static electric field each time they spontaneously emit a photon. These
photons would have slightly different energies with broader linewidths and would form an
inhomogenously broadened emission spectrum. Conversely, if the trapping lifetimes were
faster when compared to the spontaneous emission lifetimes of the QDs, all emitted photons
would have the same energy with a broadened linewidth, which is due to dephasing of the
electronic coherence between states in the conduction and valence bands. Since the PL spectra
don’t show any distinction qualitatively, it is not possible to distinguish between dephasing and

spectral diffusion mechanisms.

In summary, individual InAs QDs at close proximities to the surface were grown and studied
systematically. The distance between the WL and surface was controllably varied from 20 nm
to 60 nm and the corresponding photoluminescence intensity, wavelength, linewidth and
lifetime were observed. For single QDs situated within 20 nm to 40 nm from the surface,
broadened emission linewidths were observed. QDs closer to the surface also exhibit shorter
carrier lifetimes, most likely due to the availability of nonradiative pathways provided by the

proximal surface states.
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