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Abstract

Epitaxially grown quantum dots (QDs) make up a significant portion of nanoscale
semiconductor research, yet precise solutions for their eigenstates in complex geometries
are often unknown. Eigenstates are extremely relevant as they impact the emission
wavelength, performance, and stability of many optoelectronic devices. In this thesis,
atomic force microscopy, transmission electron microscopy, and atom probe tomography
(APT) are used to assess and compare QD size and core concentration. APT by means of
isosurface reconstruction provides the most accurate ensemble averaged quantum dot size
and core concentration. High-angle annular dark-field imaging quantifies core
concentration very well, but fails in comparison to precisely quantify QD size. Ensemble
averaging is discarded in favour of using the raw APT data to devise a model that can
solve the Schrodinger equation in 3-dimensional space and can be expanded upon to
include non-trivial quantum dot geometries of any kind. The electron and hole eigenstates
for an entire quantum dot ensemble are solved using this model. Hybridized eigenstates
between neighbouring quantum dots are realized and found to experience both bonding
and anti-bonding of the charge carriers. The existence of a degenerate state is also
discovered. The simulated eigenenergies are compared to the photoluminescence
emission spectrum and found to accurately represent the exciton recombination energy.
This makes it possible to obtain very realistic 3-D eigenstate representations for a variety
of complex structures. The modelling technique outlined in this thesis is not constrained

to just QDs, but can also be applied to an array of many other nanoscale structures.
il
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Chapter 1 Introduction

1.1 Laser Diode Overview

Within the resonant cavity of a laser, photons can interact with electrons in the
conduction band or valence band of the material that composes the gain medium.
Electrons in the valence band that absorb a photon will be excited to a state in the
conduction band. As the electron vibrationally relaxes, it will exist in a state given by the
Fermi-Dirac distribution. The excited electron could form a superposition state with the
valence band hole, generating an oscillating dipole that creates an electromagnetic wave
in the form of a photon. The direction and phase of the photon is random. This is known
as spontaneous emission, though it takes a finite amount of time for this radiative process
to occur. During this time, the excited electron could also interact with an incident
photon. As the electron returns to the valence band, it releases a photon that is of the same
direction and phase as the incident photon. This process is known as stimulated emission
and allows for coherent waves to constructively interfere with one another. Many non-
radiative processes can also occur while the electron is in the conduction band, such as
phonon generation and Auger recombination.

In an inverted system, the rate of stimulated emission exceeds the rate of
absorption. This indicates the point at which it is more likely that a photon interacts with

an electron in the conduction band than one in the valence band. An input of energy is
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pumped into the system so that population inversion of the carriers can be maintained
while the laser is operating. The magnitude of the electric current to achieve population
inversion is termed the threshold current. This dictates the performance efficiency of the
laser as lower threshold currents require less input power to the system.

Semiconductor laser diodes were first developed in 1962.! The original design
consisted of simple GaAs p-n homojunctions which required very low temperatures and
high pump currents to reach population inversion.! The advent of the double
heterostructure greatly reduced the threshold current density by sandwiching the active
region with a smaller bandgap between a larger bandgap material.l2 This constrains the
charge carriers to the active region by providing a barrier so that excitons cannot
dissociate. This technique is still commonly in use today through the insertion of cladding
layers which encapsulate the active region of the device.

Group III/V compounds are commonly used for the active region due to their
direct bandgap properties. The local energy minimum of the conduction band and local
energy maximum of the valence band are located at the centre of the Brillouin zone in the
momentum space basis. In an indirect bandgap material, some energy must be transferred
to the crystal lattice to generate phonons which would assist in providing momentum to
the carriers. The momentum transfer allows for carrier transition between bands, but the
necessity of phonons reduces the rate of radiative recombination. Direct bandgap
materials are not affected by this limitation, making them the more ideal choice for laser

diodes.
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1.2 Quantum Dot Lasers

Carrier confinement through the use of quantum wells, and later quantum dots,
aided in reducing the threshold current density much further. By the year 2000, the
threshold current density for a quantum dot laser was down to ji,, ~ 19 A/cm? from
j;, = 10° A/cm? since the first inception of the semiconductor laser diode in 1962.2
Quantum confinement occurs when the carriers are restricted to a region that is smaller
than their de Broglie wavelength.!:3 Confinement in all three spatial dimensions results in
a density of states that is a Dirac delta function with peaks existing at distinct finite
energy levels. Optical transitions occur between discrete states that have been Lorentzian
broadened by polarization effects.!# The large separation between energetic states reduces
the thermal distribution of charge carriers, leading to more temperature insensitive
characteristics than in bulk or quantum well structures.5 Energetic states are spaced closer
together toward the band edges and become spaced further apart for higher energies.¢

Quantum dot lasers have become popular in the telecommunications industry due
to their use alongside silica optical fibre. A wavelength of 1.3 ym is the lowest signal
dispersion in silica fibre,! whereas the 1.55 ym regime will have the lowest signal
attenuation.” The output signal must propagate through the optical fibres, thereby making
these wavelengths a desirable choice for lasing. Quantum dots are highly tuneable in this
regard as their emission wavelengths are based on their size and material composition.
The discovery of the Stranski-Krastanow (SK) growth mode allowed for the high density

formation of self-similar quantum dots that could contribute to the lasing regime.! Though
3
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they are similar, there exists some degree of inhomogeneity between their sizes, shapes,
and compositions which lead to broadening of their emission wavelength.8 This
necessitates the use of frequency combs to create a distribution of equally spaced
channels with peak gain centred around the wavelength of interest.%:10

Quantum dot lasers have low threshold currents that are insensitive to operating
temperature, allowing them to provide large data rates even in ambient conditions.!! They
experience less amplified spontaneous emission, thereby reducing timing jitters due to
less random fluctuations in photon density.!! Less heat is dissipated by phonons from
their improved quantum efficiencies,!! leading to drastically longer device lifetimes than
other semiconductor laser diodes.! Quantum dot lasers also have a very small linewidth
enhancement factor and relative intensity noise, providing them with a strong tolerance
for optical feedback.5 In a coherent feedback setup, spectral analysis is used to monitor
the polarization of the incident and reflected waves, improving coherence by matching

the polarization of the light before it reenters the laser cavity.!2



M.A.Sc. Thesis - Christopher Natale McMaster University - Engineering Physics

1.3 Dynamic Stability and Auger Recombination

Optical feedback is a form of external perturbation. The laser’s capability of
resuming steady state operation is dictated by the dynamic stability of the system.
Increasing pump power results in nonlinear intensity oscillations (relaxation oscillations)
that are dampened until equilibrium is achieved.! Lasers can be subdivided into classes
based on how strongly they dampen these oscillations. This determines how well they
will respond to forms of external perturbations such as optical feedback or injection.!
Strong dampening is desired such that any external perturbation to the system would be
immediately suppressed to reach equilibrium.

Quantum well lasers experience weak dampening toward relaxation oscillations,
whereas quantum dot lasers are able to achieve greater dynamic stability.! The stability is
dictated by the comparison between carrier and photon lifetimes within the system.!
Quantum well lasers experience photon lifetimes that are on a much shorter timescale
than carrier lifetimes.! Quantum dot lasers are unique in this regard as the carrier lifetimes
are tuneable depending on the band structure of the active region.

Photon lifetimes are related to the geometry of the laser device.!3 A decrease in the
cavity length results in a reduction of the photon lifetime,!3 whereas highly refractive
mirrors prolong the photon lifetime.! Most traditional semiconductor lasers have a photon
lifetime of ~1 ps and carrier lifetime of ~1 ns.!3 To create a dynamically stable device that
experiences strong dampening of oscillations, these two lifetimes should be reversed such

that the carrier lifetime is shorter than the photon lifetime.
5
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During SK growth, an intermediate wetting layer is formed during the 2-
dimensional growth regime prior to island nucleation. This surrounding matrix which
encapsulates the QDs can be thought of as a well which serves as a carrier reservoir.
Carriers are contained within the well due to the higher energy barriers of the cladding.
The carriers are fed into the dot energy levels to replenish those that have been depleted
through emission. Nonlocal Auger recombination is the dominant carrier exchange
process between the well reservoir and the quantum dots.! Carriers are scattered into
discrete energy states of the quantum dots, but could also escape to the surrounding
reservoir. The Auger in-and-out scattering rates are highly important for determining the
carrier lifetimes as they are inversely proportional to one another.! Shorter carrier
lifetimes would correspond to a greater exchange between the reservoir and dots.

The carrier density in the reservoir can be controlled by manipulating the pump
current.! Higher carrier density would be achieved by increasing the current as more
carriers are injected into the reservoir. This would increase the scatter rates between the
reservoir and dots, thereby decreasing carrier lifetimes. The scatter ratio for electrons and

holes can be expressed as!

_AE
Séml(We, Wh) e kT (1 1)
Sén(we’ Wh) - —We”hz .
e mekT — 1
_AE,
SPH (w,, wy,) e T (12)
. = 2 .
S W wy)
e mhkT - 1
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These are derived based on a system of five non-linear, coupled, differential rate
equations for the number of photons within the laser cavity, the carrier occupational
probabilities, and the reservoir carrier density.! The Auger in-and-out scatter rates for the

carriers are S é7h and S7' respectively. S’ represents the rate at which carriers are
escaping to the reservoir and S Z‘h corresponds to the rate at which carriers are being
scattered into discrete energy states within the quantum dots. The carrier density per unit
area in the reservoir is represented by w,;,, and AE,, is the energy difference between the
reservoir band edges and the carrier eigenstates within the quantum dot.

The damping strength is dominated by the slower carrier (longer lifetime).!
Generally, 7, > 7;, due to electrons having deeper eigenstates than holes with respect to
the reservoir band edges.! The carrier lifetimes are!

7, = (S + 804) ! (1.3)

7, = (S +50) (1.4)

out

elh

The ratio — 0if AE,,, > kT due to the exponential nature of the numerator.

mn
elh
Carriers are trapped inside the dot if the eigenstates are too deep and there is not enough

thermal energy to help them escape to the reservoir. This would prolong the carrier

lifetime as the reservoir-dot exchange becomes one sided. S would approach zero, but

Sin

.y, would not increase at a proportional rate due to relaxation and recombination time,

thereby causing 7,/ to increase.
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1.4 Significance of Energy Eigenstates

Quantum dot eigenstates are highly important as they determine both the emission
wavelength and the performance of the device. Carrier dynamics introduces complexity
that could be advantageously used if the correct principles are applied. Tunnelling
injection quantum dot lasers are an example of this, showing either superior or inferior
data rates and temperature sensitivity compared to traditional quantum dot lasers.!4 There
exists a discrepancy that can be fully understood by assessing the carrier dynamics of the
band structure.

In traditional quantum dot lasers, there exists nonlinearity in gain as carriers are
scattered into the higher energy states of the quantum dots from the surrounding reservoir.
These energy states do not contribute to lasing, and the carriers would have to
vibrationally relax to the lowest energy eigenstate by Kasha’s rule, provided they do not
have enough thermal energy to escape the quantum dot. This would take a finite amount
of time, with deeper states taking longer to reach. As the pump current is increased, the
carrier density in the reservoir increases, but scatter into the quantum dot is bottlenecked
by the relaxation time.

Tunnelling injection is achieved by placing a quantum well that serves as a carrier
reservoir in close proximity to the quantum dot active region.!4 Separated by an energy
barrier, carriers can tunnel between the well and dots forming hybridized states. The well
potential is an intermediate between the surrounding barrier potential and the dot

potential. Additionally, the scattering cross section of the well region is greater than the
8
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dot region due to more spatial overlap of the wave functions between the well and barrier
states.!4 This would lead to greater carrier exchange between the well and the surrounding
barrier than in the case of the isolated dot. If the hybridized state is of greater energy than
the isolated dot states, this would contribute to loss as there would be less confinement
and the carriers would still have to vibrationally relax. Tunnelling injection can only
outperform traditional quantum dot lasers if the lowest dot energy state is properly fed by

the hybridized state without having to vibrationally relax.!4

1.5 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is a widely used growth technique for
developing and researching semiconductor structures. Ultra-high vacuum conditions
( < 1077 Pa) are required for an MBE system. However, much lower pressures
( < 107 Pa) are often necessary to achieve purity in the grown material.!5 This is
because the number of residual gas molecules in the chamber (O, and N,) may exceed
10° ¢cm ™3 even at these pressures and can be incorporated into the structure.!s The growth
and loading chambers are quickly evacuated with high speed pumps to ensure residual
gas concentrations are kept as low as possible. The substrate chosen for the growth is
radiatively heated by placement on a holder that is electrically driven with large currents
to obtain a desired temperature. The substrate temperature is monitored using a pyrometer

to assess infrared light intensities emitted from the substrate. The substrate is often at a
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different temperature than the holder since there are no gaseous molecules flowing over it
to efficiently conduct heat as in other growth systems such as Metalorganic Vapour-Phase
Epitaxy (MOVPE).15

Effusion cells containing solid or gas sources are also heated in a crucible so that a
molecular flux of the source material is directed at the substrate. The intensity of the
molecular beam can be controlled by altering the source temperature, or flow rate for gas
sources, thereby affecting the rate of growth. Shutters are placed to block effusion cells
and can be rapidly opened or closed to induce fine control of the growth with single
atomic layer accuracy.!5 The MBE system utilized in this thesis (SVTA-MBE35) contains

a gas source for the group V elements, namely A s, and P, dimers.

1.6 Research Incentive

The motivation for this thesis is to create a method for which any quantum dot
eigenstate can be accurately resolved for both its energy and wave function. If this
process is deemed to be successful, then any complex arrangement of dot structures can
be solved at will regardless of their shape, concentration, or surrounding potential. It
would have the possibility to be extended to include other forms of energy that would
affect the Hamiltonian, as well as other nanostructures that may not even be quantum
dots. All of these aspects together make it to be highly rewarding work, as it may become

very useful for future research endeavours.

10
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Chapter 2 Growth and Characterization

2.1 Growth Procedure

The sample studied in this thesis was grown by MBE using a GaAs (001) oriented
substrate. It was first thermally annealed at 650°C under As: flux to desorb native oxides
prior to growth. The temperature was then lowered to 500°C and a V/III precursor ratio of
2 was used for the remainder of the growth. On top of the substrate, a 100 nm GaAs
buffer layer was grown followed by 25 nm of InGaP cladding and another 100 nm of
GaAs. Three InAs layers were then grown with 25 nm of GaAs spacing between each of
them. During the growth of the InAs quantum dot layers, the Ga source was closed and a
double shutter sequence (open-close-open) was used for the In source. Shutter sequencing
for InAs/GaAs QDs has been demonstrated to redshift the emission wavelength by 120
nm and reduce the FWHM by ~30% through QD size modulation.!¢ A total of 1.7 ML
[monolayer = 3.0 (3.3) A unstrained (strained) InAs]!7.18 of InAs was deposited for each
of these three layers, with an equal amount of time for each open shutter period. This
structure was capped with 100 nm of GaAs, 25 nm of InGaP cladding, and 100 nm of
GaAs. To assess QD morphology, 1.7 ML of InAs was deposited on the surface using the
same growth technique as the buried layers. The growth was terminated by closing the
precursors and the sample was cooled to room temperature. All GaAs and InGaP regions
were grown at 0.2 nm/s, whereas all InAs regions were grown at 0.06 nm/s.

11
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2.2 Surface Morphology

Photonic applications of quantum dots require the nucleated clusters to be
homogeneous in size such that each exciton will experience a similar degree of quantum
confinement. This contributes to the sharpness of the photoluminescence (PL) spectra, as
a variation in quantum dot sizes will cause broadening of the PL emission peak. Atomic
force microscopy (AFM) is a valuable tool to initially quantify these size differences and
assess the uniformity and density of the clusters. The clusters on the surface share many
similar characteristics to those that were buried within the active region as they were
grown using the same parameters. However, the capping procedure for the buried layers
would induce more In-Ga intermixing than the surface QDs as they were left uncapped.
The QD sizes by AFM will be contrasted to other forms of microscopy (TEM and APT)

to verify if features of the surface can be extrapolated to the buried quantum dot layers.

[3.7nm
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Figure 2.1 - 2.3 x 2.3 ym AFM scan Figure 2.2 - 2.3 x 2.3 um height density

12
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2.3 Atomic Force Microscopy

The AFM was operated in tapping mode using a tip with a 10 nm radius. Post-
processing was performed in Gwyddion software. A 2.3 x 2.3 pum scan of the surface by
AFM is shown in fig. 2.1; fig 2.2 is a height density distribution for this region calculated
using the corresponding pixel intensity. Fig 2.2 uses density units nm~! because the
statistical calculation is performed using a line scan across each pixel along the
microscope’s fast scanning direction. The distribution is positively skewed due to island
nucleation occurring on a corrugated surface. The surface is not planar, leading to a height
distribution on top of which QD nucleation may occur. Figure 2.3 demonstrates an
example of a height line scan across a surface by excluding the quantum dots. The QDs
have been excluded by capping the maximum evaluable greyscale intensity under the red
masked region, such that the height line scan across it will be throttled by this threshold.
Line scans have been taken across 50 different regions using this method, documenting

the height of the upper surface.
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Surface Height Distribution
: : : Mean = 1.180
SD =0.192

Counts

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Surface Height [nm]
Figure 2.4 - Gaussian extracted from surface height
Fig. 2.4 shows the resulting Gaussian distribution created as a result. The surface
height is with respect to the lowest point of the scan (marked zero height), and not the
difference in surface height between two separate regions. Through this method, the
average upper surface height excluding the quantum dots was determined.

h

surface ™ 1.2x04 nm
As a result of surface corrugation, the height distribution depicted in fig. 2.2
cannot be used to assess the true height of the quantum dots. To accommodate for this
shortcoming, a line scan taken across a single quantum dot to assess its height and width
is demonstrated in fig. 2.6. The boundaries on the width are defined as the point at which

the height begins to increase relative to the background, indicating that it is the edge of

the quantum dot core. To assess the height, the maximum of the quantum dot is used for
14
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the upper bound. Whereas the lower bound can experience a height offset on either side of
the QD, and in this case an average is used between the two lower bound heights. Figures

2.5 and 2.6 show the process of extracting these bounds using a line scan across a QD.
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The lateral and vertical dimensions of quantum dot ensembles are often modelled
using Gaussians.!9-21 Bimodal and multimodal distributions formed by sub-ensembles
have also been demonstrated in literature.22.23 Using the method shown in fig. 2.6, line
scans have been taken across 100 different quantum dots displayed in fig. 2.5. The

existence of elongation along a particular axis for the lateral