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Abstract

Polarisation-controlled single-photon sources are at the heart of quantum information
applications, e.g. truly secure communication with polarisation-based quantum key dis-
tribution protocols, and all-optical quantum computation with logic gates defined by the
polarisation states of photons. Non-polar (1120) a-plane InGaN/GaN quantum dots are
one of the strongest candidates due to their ability to operate at temperatures similar to
those in on-chip conditions, and intrinsic polarisation properties built into the material.

Time-integrated, time-resolved, polarisation-resolved micro-photoluminescence, and
Hanbury Brown and Twiss studies are conducted on a-plane QDs fabricated by two differ-
ent methods, yielding results that are not only a significant step forward in nitride-based
single-photon research, but also open up the underexplored field of high-temperature semi-
conductor quantum dot photophysics. In particular, the first demonstration of ultrafast
polarisation-controlled single-photon generation from a semiconductor quantum dot plat-
form at 220 K (=53 °C) is achieved, along with an unexpected observation of temperature-
dependent fine-structure splitting previously unseen in other systems.

Radiative recombination lifetime and slow-timescale spectral diffusion have been in-
vestigated with statistical significance, producing mean values that are on par with state-
of-the-art nitride developments in the literature. Combined with efforts from theory col-
laborators, the insensitivity of radiative lifetime and optical polarisation to differences
in the physical dimension, geometry and material composition of the quantum dots has
been demonstrated. In particular, a-plane InGaN quantum dots have been shown both
theoretically and experimentally to exhibit high polarisation degrees with deterministc
axes along nitride crystal directions, from cryogenic to temperatures above 200 K. These
developments advance the field of single-photon science and bring the current platform a
step closer to on-chip quantum information applications.

Meanwhile, other temperature-dependent optical properties, such as emission inten-
sity quenching, exciton linewidth broadening and phonon-assisted redshift, have been in-
vestigated in detail. Parameters relevant to thermally assisted processes in the a-plane
platform, including acoustic phonon scattering strengths, typical activation energies of
local potential depths and Huang-Rhys factors, have also been evaluated for the first
time, thereby facilitating further development of the platform and fundamental research

of related photophysics.
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Introduction

1.1 Motivation and thesis layout

The exploitation of the quantum nature of light-matter interaction often relies on the pres-
ence of extreme conditions that cannot be easily applied outside the laboratory setting. In
the context of polarised single-photon sources [I}, 2, [3], most of contemporary developments
rely on defect-based platforms [4, [5, 6, [7, [, 9] to achieve the emission of single photons at
high temperatures, with [0, [7, 8] or without [4, 5, 0] deterministic polarisation properties.
These systems suffer from challenges in achieving electrical contacts, device integration,
and scalable development in realistic optoelectronic platforms. On the other hand, while
the physical properties of semiconductor quantum dots (QDs) [10] 11, 12] can be much
more easily manipulated and controlled in the solid state, most of current QD single-
photon sources [13], 14} (15, [16] [17, 18] 19, 20, 2I] have operation temperatures limited to
cryogenic conditions and do not possess deterministic optical polarisation properties that

are necessary for their quantum information applications.

In this thesis, non-polar (1120) a-plane InGaN/GaN QDs [22] will be investigated in detail
S0 as to assess their ability in removing the bottleneck in polarised single-photon source
development caused by the reliance on material defects, low operation temperatures, and
lack of deterministic polarisation properties. The zero dimensional nature of the QDs [10]
creates the necessary two-level system for the generation of single photons, while the large

band gaps of nitride materials [23] produce much stronger quantum confinement than con-
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ventional arsenide-based QDs, allowing for operation at higher temperatures. The use of
the non-polar crystal plane also breaks the nitride valence band degeneracy, thereby intro-
ducing linearly polarised emission [24]. The threshold for on-chip temperature regulation
is determined by Peltier cooling. Commercial thermoelectric coolers can currently achieve
a stable temperature differential of ~ 100 K, making on-chip devices operable at ~ 190 K.
As such, the ability of the non-polar InGaN system to generate polarised single photons
at T > 190K will be the examined [25] 26, 27]. In the process, investigations will also
be made into the underexplored area of high-temperature solid-state QD photophysics,

revealing results [28] that are of fundamental interest.

The remainder of Chapter [1] will provide a brief introduction to the key concepts of
single-photon sources, photon autocorrelation studies, and their potential applications in
quantum information sciences. In these discussions, the limitations of current systems will
be highlighted, leading to an introduction of wide band gap nitride QDs. The differences
between crystal planes of nitride and their impact on the optical properties of QDs will

be discussed.

Chapter [2| continues to explain experimental methods that enable the optical investi-
gations in this thesis. An overview of the detailed growth routines developed by our
collaborators in the University of Cambridge will be made, highlighting the differences
between the original [22] and a newly developed [27] fabrication method. The complete
setup of micro-photoluminescence (uPL) used for optical investigations of the samples
will be explained in detail, with the choice, capability and precautions of important setup

components discussed.

As a semiconductor QD single-photon emitting system, its optical properties are best man-
ifested at cryogenic temperatures due to the suppression of undesired thermally assisted
processes. Chapter [3] provides an investigation of the ability of non-polar a-plane InGaN
QDs to emit ultrafast single photons with deterministic optical polarisation properties
at cryogenic conditions [24]. The first evidence of single-photon generation is shown for
this platform, along with theoretically rigorous data and statistically significant experi-
mental results to elucidate the fast radiative lifetimes and high polarisation degrees with

predefined axes.
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Chapter [4] demonstrates how two of the fabrication methods explained in Chapter [2] have
impacted on the optical properties of the QDs. The effects of the reduced carrier trapping
sites around QDs of the newer growth method will be addressed, and the ability of the QDs
to emit ultrafast antibunched photons confirmed. While a drop in single-photon purity
is observed, a further increase of the radiative recombination rate is also recorded. The
potential repetition rate of these antibunched light sources are thus one of the fastest in
the literature. With detailed investigation and discussion of spectral diffusion, a marked
reduction in the slow timescale has been found with the new QDs, which are again on
par with state-of-the-art systems. A significant increase of temperature stability has also
been identified, and the potential causes and usefulness have been explained in detail.
A discussion of how QDs grown with both the old and new methods should be used in

conjunction for the further development of the platform is also presented.

The temperature-dependent properties of the QDs have been covered comprehensively
in Chapter The ability of a-plane InGaN QDs to generate ultrafast polarisation-
controlled single photons is confirmed up to 220 K [25], which is also the first such evidence
for any semiconductor QD system. The photophysics of thermally assisted radiative inten-
sity quenching, homogeneous exciton transition linewidth broadening, and phonon-assisted
emission energy redshift are also discussed in the context of this QD platform. As the key
differentiating factor, the persistence of high polarisation degrees at elevated temperatures
will again be elucidated with theoretical results and statistically significant experimental
data [20]. An unusual and unexpected temperature dependence of the fine-structure split-
ting energy [28] has been found for the first time in a semiconductor QD system, and its

possible correlation with the strength of phonon scattering has been investigated.

Conclusion of the thesis is presented in Chapter [6] with an overview of the current
achievements in this non-polar platform, and a bright outlook of the potential for further
development of a-plane InGaN QD-based single-photon sources and elucidation of their

high-temperature photophysics.
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1.2 Polarised single-photon sources

1.2.1 Non-classical sub-Poissonian light sources

By definition, a single-photon emitter is a light source that strictly emits only one photon
at a time. When a laser is heavily attenuated, the light output can be treated as a
close approximation for a single-photon source [29]. However, the probability of multiple
photon emission is still non-zero in such a setting. For a true single-photon emitter, a
two-level quantum system would be required. There are abundant resources [2}, 3], 10} [30]
that comprehensively cover the basic science of single-photon generation and detection.
The key concepts, which revolves around photon statistics and Hanbury Brown and Twiss

(HBT) experimentations [31], will be highlighted in this section.

In general, a light source can be categorised as Poissonian, super-Poissonian, or sub-
Poissonian, depending on the nature of the statistical distribution of its emitted photons.
An HBT experiment is designed to study the photon statistics of light sources, by inves-

tigating the second-order autocorrelation function ¢ (7) [30] shown by,

DI+ 7))
(L)t +7))

Here, I(t) is the time-dependent light intensity, and 7 is the time delay introduced into

g (r) = . (L1)

one of the detection branches of the HBT setup, as illustrated in Figure [[.1] Each time
both detectors register incident light simultaneously, an event is recorded. The ¢(?) (1)
function can then be described by the variation of the number of events with delay 7. The
determination of the type of light source can be made in the case of zero time delay, i.e.

when 7 = 0. Equation thus becomes

g () = W) (1.2)

If the light source is a perfectly coherent one with a constant intensity, e.g. a laser,
the average of the intensity squared and the square of the average intensity would be the

same, giving a g(?) (0) of 1. These coherent light sources are Poissonian, as their probability
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Detector 1

., Beamsplitter

Detector 2

Figure 1.1: Typical setup for a Hanbury Brown and Twiss experiment. Photons
from the light source are incident onto the 50 : 50 beamsplitter and directed towards two
identical photon detectors. A signal delay can be introduced, physically or digitally, into one
of the detection arms. An event is recorded when the start and stop “switches” in the photon

counting device are triggered simultaneously.

distribution of photon detection follows Poisson statistics, where the standard deviation

An and mean 7 follow An =7 [30].

For most common light sources, the emission is not coherent and the intensity fluctuates
with time. In this case, it can be mathematically shown that g(2)(0) > 1 is always the case
[30]. Intuitively, the squaring process of (I(t)?) exaggerates the difference of I(t) — (I(t))
more at I(t) > (I(t)) than at I(t) < (I(t)), giving a greater numerator and a ¢(?)(0) larger
than unity. The photons are emitted in groups together, producing “bunched” light with

a super-Poissonian distribution (An > n).

For an ideal single-photon source, the one photon incident on the beamsplitter can only
reach one of the two detectors at a given time, but never both simultaneously. Therefore,
it is not possible to register any events at 7 = 0, resulting in ¢(®(0) = 0. In reality, if
there are any other sources of photons present in the HBT experiment, the probability
of recording events at 7 = 0 will increase, and the ¢(®)(0) value will be greater than

0. For the development of a single-photon platform, a lower g(2) (0) is always desirable
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as it shows the purity of the quantum emitter that is essential for its applications. For
a greater probability of single- than multiple-photon detection, the number of events at
7 = 0 should hence be less than half of those at 7 # 0, i.e. ¢?(0) < 0.5. A quantum
mechanical treatment [I0] of the second-order autocorrelation function could also yield a
minimum g(2)(0) of 0.5 for the presence of a two-photon state. However, such treatment
assumes all photon states to be in the same basis, originating from the light source alone.
In realistic systems, the degradation of single-photon purity is often more significantly
affected by the contamination from other undesired and unavoidable light sources, e.g.
underlying quantum wells (QWSs) emitting in the same spectral range for nitrides. The
photons from these light sources cannot be considered in the same basis as those from the
single-photon emitter, making the quantum mechanical result less relevant and useful than
the intuitive understanding in realistic settings. It is also worth noting that the concept
of single-photon sources requires the quantum nature of light. Without considering light
as photons (i.e. I(t) = n(t)), the value of ¢ (0) will always be greater or equal to 1.
Lights sources with ¢(®(0) < 1 follow sub-Poissonian statistics (An < @), and produce

“antibunched” photons.

1.2.2 Importance in quantum information sciences

One of the most important applications of polarised single-photon sources are in secure
quantum communication [32] B3, 34, 35 36, 37, 38, [39]. Bits of information can be stored
as polarisation states of each of the emitted single photons. In the case of eavesdropping,
measurements have to be performed on existing photons, thereby altering their states and
revealing the act of information stealth. If a multiple-photon source is used, the same in-
formation will be stored in more than one photon at a given time. The eavesdropper could
in theory utilise the additional photons to access contents of the communication, without
the risk of being found. As such, a highly pure (¢(*)(0) very close to 0) polarised single-
photon source would be the key component for fundamentally secure communications.
Such proof-of-concept free-space quantum communication has now been demonstrated in
daylight over a distance of > 50km [39]. With single-photon devices cryogenically cooled

and embedded in satellites, these developments provide a potential pathway towards the
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demonstration of satellite-satellite and satellite-ground quantum network key distribu-

tions.

Another important application of polarised single-photon sources is in all-optical quantum
computation [40], 4], 42 43, [44]. With the beginning of the failure of Moores law and the
increasing bottleneck of copper interconnects, the performance of classical computers has
been approaching its fundamental limit. The vast performance leaps with qubit-based
computers would require the generation of indistinguishable [45, 46] single photons, and
benefit from the ability to manipulate their polarisation states. At the moment, quantum
computers with complexity comparable to that of earlier classical computers have been

demonstrated using arsenide quantum dots [44].

1.2.3 High-temperature polarised single-photon sources

In the latest developments for both aforementioned applications, the single-photon devices
need to be cryogenically cooled, and the control of polarisation can only be achieved
externally at a cost of 50% external quantum efficiency. The highest reported temperature
at which an arsenide-based QD still generates single photons with a 9(2)(0) of < 0.5is 120K
[47]. Typically, their intensity would decrease by more than two orders of magnitude before
the temperature increases beyond 100 K. Furthermore, it is also non-trivial to engineer
and effectively control optical polarisation in InAs nanostructures [48], 49, [50] 51, 52 53],
particularly due to their relative insensitivity to shape anistropies. Therefore, arsenide
QDs are less suitable for the generation of polarised single photons at on-chip thermal

conditions.

On the other hand, deeply confined trap states in the defects of various materials have
been shown to demonstrate photon antibunching without the need for cryogenic cooling.
Fluorescent point defects have been found in the colour centres of both nanocrystals and
compound semiconductors, such as nitrogen and silicon vacancy (NV and SiV) centres in
diamonds [4, 54, 55, 56], and colour centres in SiC [7, 57] and ZnO [9] 58|, 59]. These
systems have all been reported to manifest room temperature single-photon generation.
Oxygen-based defects in carbon nanotubes [5l, 60] have been shown to exhibit single-photon

emission at ambient conditions at the telecommunication wavelength of 1.55 pm. Studies
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reveal that QD-like nanostructures based on perovskites can also emit single photons at
room temperatures [61]. More recently, defects embedded in GaN wafers [8], 62 [63] and 2D
hexagonal boron nitride (hBN) [6], [64] have also demonstrated similar non-classical light
emission operating at high temperatures. In particular, the single-photon characteristics

of hBN defects remain even at a temperature of 800 K [64].

However, the challenge of defect-based systems lies in their reproducibility, controllability,
and scalability. They cannot be easily integrated into existing semiconductor platforms for
further development, thereby significantly limiting their prospect for future applications in
quantum information sciences. For this reason, semiconductor QDs, especially those with
band gaps wider than arsenides, such as phosphides [65] (66, [67, [68], selenides [69} [70} [71],
and nitrides [72, [73] [74] [75], remain one of the most relevant and important branches of

single-photon research.

1.3 Semiconductor quantum dots

Thanks to developments in advanced material fabrication techniques, the dimensions of
conventional bulk semiconductors can be controlled and reduced to the order of ~ 10 nm,
comparable to the de Broglie wavelength of the carriers. By surrounding these small-scale
nanostructures in a matrix material with a different band gap, quantum confinement is
realised with their band offset as the confinement potential [I0]. Depending on the number
of confined dimensions, these nanostructures can be categorised into quantum wells with
one, nanowires with two, and QDs with all three spatial dimensions confined. In the case
of QDs, quantisation of the carrier kinetic energy in all directions leads to delta-function-
like density of states and atom-like discrete energy levels. Therefore, although QDs are
physically more than 10% times larger than a single atom, they exhibit similar optical
properties that were once considered exclusive to atoms [76] [77, [78] and molecules [79]
only, e.g. single-photon generation. Furthermore, the composition, dimension, geometry,
and electrical contacts of semiconductor QDs can be manipulated in the solid state much
more easily than single atoms or defects. It is also relatively more straightforward to
investigate the deterministically fabricated wafers in characterisation studies, leading to

more efficient and better understanding of the properties of semiconductor QDs.
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1.4 Non-polar InGaN

1.4.1 Nitride semiconductors and QDs

Previous sections have highlighted the need for wide band gap semiconductors, which
combine the benefits of solid-state QDs with deep confinement energies similar to those
of defect-based systems. The band gaps of GaN, InN, and AIN are 3.4 [80, 81], 0.7-0.8
[23, B2], and 6.1eV [23] respectively. Through binary (e.g. GaN in AIN matrix) and
ternary (e.g. InGaN in GaN or AlGaN matrix) compound semiconductors, very large

band offsets and high quantum confinement energies could be achieved using nitrides.

However, unlike other III-V semiconductors such as InAs, the development of nitrides
has been slow and the properties of nitrides are much less well understood. One of the
key reasons was due to poor material quality. For instance, very high threading dislo-
cation densities could induce the formation of carrier traps, which facilitate undesired
non-radiative carrier recombination [74]. A breakthrough in nitride research only hap-
pened in 1994 when Nakamura et al. developed blue light-emitting diodes (LEDs) using
InGaN [83]. Even so, the high emissivity of these LEDs in samples with significant thread-
ing dislocation was not fully understood. One of the explanations suggests the probable
formation of metallic rich QD-like fluorescent centres under the influence of strain fields
caused by the threading dislocations. These unintentionally grown ensembles of nitride

QDs could significantly increase the brightness of the LEDs [74] [84].

Till now, there have been various methods for the intentional fabrication of nitride QDs [22,
75, [R5, 186], [87), 188, [89, 90], 011, ©92], 03, [94], 05, [96]. One of the most successful developments
has been in site-controlled dot-in-nanowire systems, where a very thin (2-5nm) layer of
GaN with a diameter of ~ 20nm is embedded at the apex of a GaN/AlGaN core-shell
nanowire [72, 97, 98, [99]. The strong confinement allows this system to operate as a single-
photon source up to 350 K and show detectable photoluminescence up to 400 K, which are
both the highest in all reported semiconductor QD literature. Each nanowire structure is
separated from their adjacent neighbours by ~ 20 um, allowing excellent scalability and

ease of re-investigation.
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However, this development is limited by the non-trivial challenge of adding electrical con-
tacts, and till now still requires optical pumping for operation. Another problem lies
in the emission wavelength of GaN QDs, which is in the UV range and less useful in
realistic single-photon applications. On the other hand, by adding indium to GaN and
creating the ternary nitride alloy of InGaN, their emission energy can be tuned to the
blue end of the visible spectrum. While the exciton energies are still not near telecom-
munication wavelengths, blue light is useful in short-distance free-space data transmission
and detection [100]. However, the fabrication of InGaN QDs itself has proven to be a
more involving task than that of their GaN counterparts, particularly due to the difficulty
in indium incorporation, dot formation, and the achievement of good material qualities
[27]. As a result, InGaN systems comparable to the aforementioned site-controlled GaN
dot-in-nanowire platform have not yet been developed. Without similar ultra-small QDs
in ultra-clean environments, the undesired physical effects of the nitride material, which
will be explained in the following section, dominate in the QDs’ operation as polarised

single-photon sources.

1.4.2 Polar InGaN QDs and current challenges

Two possible crystal symmetries exist in nitride materials—hexagonal wurtzite and cubic
zinc-blende [I01], 102]. In particular, zinc-blende nitride nanostructures have been much
less researched due to their thermodynamic instability at ambient conditions. The current
growth methods of these cubic QDs require plasma-assisted molecular beam epitaxy [103],
which was not available for the research period of this thesis. Therefore, only wurtzite
nitrides are considered here. An illustration of the relevant crystallographic planes of the
hexagonal symmetry in presented in Figure a). With Miller-Bravais indices denoting
the (0001) c-plane, (1100) m-plane, and (1120) a-plane, a set of 3 mutually orthogonal

crystal axes is defined and will be used throughout the discussion of this thesis.

The (0001) c-plane is also called the polar plane, due to the internal electric fields built-
into the wurtzite nitride material along this direction. These internal fields are comprised
of two components. The first component arises from the non-zero electronegativity offset

caused by the asymmetric spread cationic and anionic charges, resulting in a permanent
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Figure 1.2: Wurtzite nitride crystallographic planes and band structure. (a) A
set of mutually orthogonal basis for the wurtzite nitride structure. The polar c-plane and
non-polar m- and a-planes are also denoted by Miller-Bravais indices. (b) Band structure of
a (0001) polar c-plane bulk GaN. Each valence band has orbital characteristics of the |m)-,
|a)- and |c)-like states respectively. With a small contribution of spin-orbit interaction, the
first two valence bands are nearly degenerate at the I point. The illustration is not drawn to

scale.

dipole along the crystal c-direction. However, in the context of an InGaN/GaN QD, the
magnitude of this spontaneous polarisation is small compared to the second component,
which is caused by piezoelectricity. The lack of inversion symmetry of the wurtzite crystal
structure gives rise to non-zero piezoelectric constants. Strain caused by the lattice mis-
match between InGaN and GaN induces an electric field along the crystal c-axis, adding

to the internal spontaneous polarisation in the same direction [73].

The built-in fields cause quantum-confined Stark effect (QCSE) [104], which shifts the
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energy of the QDs ground state transition by JF as described by

6F = —puF 4 oF?. (1.3)

In Equation [I.3] F is the magnitude of the built-in fields, and p and « are constants such
that the linear term is always greater than the quadratic term [105] 106}, 107]. Furthermore,
the electron and hole states are moved further away from each other, with a decreased
spatial overlap of their wavefunctions [108]. As a result, the oscillator strength of the
exciton is reduced and the rate of radiative recombination is slowed down. Measurement
of polar InGaN QDs shows that their radiative lifetimes are around 1 to 10 ns (see Section
, which are an order of magnitude slower than situations where QCSE is minimised.
Detailed analyses of the radiative recombination lifetimes can be found in Sections and

£

Another challenge of polar c¢-plane nitride is in the lack of desirable optical polarisation
properties. Figure b) illustrates the band structure of bulk c¢-plane GaN [26]. The
valence band degeneracy is first lifted by the positive crystal field splitting energy, pushing
the state with |c)-like orbital characters away from the |m)- and |a)-like states. The spin-
orbit interaction breaks the degeneracy of the top two valence band states. However, due
to the weak and negligible spin-orbit coupling, these two bands are still very close to each
other near the k& = 0 point, giving rise to band mixing effects [24]. As a result, the hole
wavefunctions have a combination of |m)- and |c)-like states, and are thus expected to be
circularly, rather than linearly, polarised. However, due to the difference in hole effective
masses in the first two valence band states, any shape anisotropy of the nanostructure
would break their degeneracy [24], [109] and cause a change in the degree of valence band
mixing. Depending on the extent of anisotropy, the |a)-like state could be shifted to
a relatively lower energy, as shown in Figure Thus, the contribution of |a)-type
characteristics will be reduced, increasing the degree of optical linear polarisation. In a self-
assembled system where the anisotropy of each individual QD is random, the degree and
direction of optical polarisation will also be random, making it difficult for the development
of single-photon sources with deterministic polarisation properties. The sensitivity of

optical polarisation properties to shape anisotropies can also be used as a direction for the
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engineering of nanostructures, thereby controlling the direction and degree of polarisation.

Further discussion of these attempts can be found in Section [3.2.1

\

|a>

Figure 1.3: Order of energy levels of a wurtzite nitride system with a strong
symmetry breaking of the first two valence bands. A large anisotropy could in principle
push the |a)-like state away, resulting linearly polarised emission from the first two states. Such
a situation can also be achieved with quantum confinement along the crystal a-direction, e.g.

in a-plane QWs or QDs with a stronger confinement along the a-direction.

1.4.3 Non-polar m- and a-plane InGaN QDs

Solutions to combat the problem of QCSE and optical polarisation in nitride QDs are
not straightforward. As mentioned previously, the use of cubic zinc-blende nitride could
circumvent the issue of QCSE, which is only intrinsic to the hexagonal wurtzite symmetry.
Single-photon sources based on cubic GaN have been demonstrated in one report from the
literature, which indeed shows fast radiative lifetime of 360 ps [103]. However, aside from
the difficulty of fabrication and lack of thermodynamic stability, cubic nitride does not

have intrinsic optical polarisation properties.

On the other hand, if the QDs are grown along one of the non-polar planes of wurtzite

nitride [22} 89, 110, [I11], 112} [113] as shown in Figure[1.2|(a), the internal fields along the
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crystal c-direction could be minimised. This is especially so for lens-shaped QDs with a
base of ~ 30nm in diameter and a height of < 5nm. The polarisation discontinuity at
the material interface is greatly reduced, and only limited to the side facets with a small
component contributing to the total internal field. Furthermore, the stronger confinement
along the crystal a-direction breaks the valence band degeneracy, and creates a situation
similar to that presented in Figure|1.3, Both theoretical and experimental work has been
done to demonstrate linearly polarised emission from non-polar nitride nanostructures
[24, 26], 114, 115 116]. A comprehensive investigation of the optical polarisation properties
of a-plane InGaN QDs is presented in Section and their temperature dependence in
Section

However, one of the key challenges in the development of non-polar InGaN QDs lies in
their fabrication—a suitable substrate needs to be identified to enable their growth. The
obvious choices of non-polar bulk GaN substrates, including high-quality ammonothermal
a- and m-plane ones, fail to result in dot formation in our investigations. For non-polar
a-plane, the r-plane of sapphire serves as a useful substrate. The details of two available
a-plane QD fabrication routines [22], [110] will be explained in In the case of non-
polar m-plane QDs, there are no useful substrates for planar epitaxial fabrication that
could result in dot formation. As a workaround, a method has been designed to allow
QD growth on the sidewalls [I17] of InGaN nanowires [I12]. Back to Figure [1.2|(a), these
sidewalls are parallel to the crystal m-direction, and the resultant nanostructures should
be non-polar m-plane QDs. More details of this method can be found in our publication
[112]. Ultrafast radiative lifetimes with a < 300 ps average and statistically high optical
polarisation degrees have both been verified, which are signatures of reduced QCSE and

valence band symmetry breaking.

Although this novel growth routine makes the fabrication of m-plane QDs possible, it
falls into the same category as GaN/AlGaN dot-in-nanowire systems, whereby further
development of electrical contacting is much more challenging than a planar epitaxy-grown
platform. Furthermore, the restricted geometry of nanowires makes local heat dissipation
inefficient. As a result, the single-photon generation is limited to a sample temperature

of 100 K. Since these m-plane QDs does not meet the criteria of > 190K operation as
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explained previously, this particular development of ours will not be discussed in detail
in this thesis. Due to the similarity of m-plane QDs optical properties to their a-plane
counterparts, this thesis will focus on the thorough investigation of a-plane QDs, with
minute differences to m-plane ones noted when necessary. The studies will hence form a

holistic understanding of the characteristics of non-polar InGaN/GaN QDs in general.
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Experimental techniques

2.1 Chapter introduction

In this chapter, an overview of the experimental techniques involved in the fabrication
and optical characterisation of non-polar a-plane InGaN QDs is provided. The growth of
all relevant QD samples has been carried out by our collaborators in the centre of gallium
nitride of the University of Cambridge. The details of the original epitaxial growth routine
[22, 110] and a recent successful attempt [27] in improving the method are explained here.
The key differences in their resultant nanostructures are also discussed, leading to further
elucidation of their impact on optical properties in Chapter The setup for micro-
photoluminescence used for all relevant experiments in the thesis is introduced, which is
capable of time-integrated, time-resolved, polarisation-resolved, and HBT measurements
at temperatures between 4 to 320 K. Important optical components are explained in detail.
In particular, the use of two-photon pulsed excitation, closed-cycle rather than continuous-
flow cryostat, precautions in polarisation-resolved studies, and the necessity of tuneable

bandpass filters and position optimisation in autocorrelation studies are closely examined.
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2.2 Growth of a-plane InGaN QDs

2.2.1 Development of epitaxial fabrication methods

There are currently two available methods for the fabrication of a-plane InGaN QDs,
both of which are metal-organic vapour phase epitaxy (MOVPE) routines. The modified
droplet epitaxy (MDE) [22, [IT0] routine was the original successful attempt, the exact
processing details of which can be found in the publications and are briefly outlined in
the next section. This method is adapted from previous routines [I18], [119] used for the
growth of polar nitride QDs. Using MDE, InGaN QDs with either GaN [22] or AlGaN [120]
barriers can be fabricated. However, due to the relatively poorer material quality of QDs
with AlGaN matrix, it is difficulty to elucidate their optical properties, and a study is not
included in this work. In MDE, a thermal annealing step [I18] of the wafer is used to induce
decomposition of the InGaN epilayer and the subsequent formation of metallic droplets,
which are crucial for dot formation upon capping. However, this indispensable fabrication
step also introduces a multitude of local carrier trapping sites during the breaking of the
InGaN epilayer. Thus, several optical properties of the resultant QDs, such as brightness,

temperature performance, and spectral diffusion, could be adversely affected.

In order to resolve this issue and improve upon the quality of the QDs, modifications to
the original MDE routine have been attempted so as to replace the annealing step with a
process that does not involve the InGaN epilayer decomposition. A two-temperature (27T)
method [12I] was proposed and developed a year after the development of the MDE rou-
tine. Using a temperature ramp after epilayer deposition and before capping, this method
aims to induce Stranski-Krastanov (SK) type island formation during the gradual thermal
variation of the environment. While weakly emitting QDs with sub-500 ps lifetimes have
been observed [121], it has not been possible to study more complex optical properties
such as polarisation and single-photon emission with these 2T QDs, due to their much

lower sample emissivity, dot density, and brightness.

In the meantime, a quasi-two-temperature (Q2T) routine [27] was developed, and dras-
tically improved the sample qualities grown with the previous 2T method. In optical

investigations, these Q2T QDs also exhibit several improved characteristics compared to
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the original MDE ones. The key change is the use of a thin low-temperature capping,
along with other optimisations of growth temperatures for better material incorporation.
In the following section, the details of the Q2T method and its key growth differences
from MDE will be explained. Chapter [4 will provide a comprehensive investigation com-
paring the radiative lifetime, temperature stability, spectral diffusion, polarisation, and
single-photon emission of QDs grown by these two methods. At the end of that chapter,
whether the new Q2T method should replace MDE for future development of the a-plane

platform will also be discussed.

2.2.2 Key growth differences

In both MOVPE methods, a 6 x 2in Thomas Swan close-coupled showerhead reactor is
used with r-plane sapphire as substrate. (1120) a-plane GaN is then grown as the pseudo-
substrate, before the deposition of InGaN epilayer with trimethylgallium, trimethylindium

and ammonia as precursor gases.

Growth temperature

The first difference is the temperature at which the epilayer deposition occurs. For more
indium incorporation, a lower temperature is required. Due to projected loss of indium
in the annealing-induced epilayer decomposition in MDE, a greater amount of indium is
needed during the deposition than in the Q2T method. As such, temperatures of 690
and 675°C are used for Q2T and MDE respectively [27]. It is important to note that
the a-plane InGaN material is highly sensitive to growth temperature changes, and a
difference of 15°C has a significant impact on both the incorporation of indium and the
sample quality. Defects are more likely to form at lower temperatures. In this case, the
MDE epilayer could possess a higher defect density, potentially hindering the formation
of dots, leading to greater numbers of local carrier traps, and opening more pathways of

non-radiative recombination.

Furthermore, due to the higher epilayer deposition temperature, there is greater room to
alter the amount of indium in these Q2T nanostructures. As such, the wavelength of a

Q2T sample can be more easily tuned towards the redder or bluer end of the spectrum
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Figure 2.1: Atomic force microscope images of uncapped a-plane InGaN QD sam-
ples. Metal-rich regions are indicated by bright spots. (a) Q2T metallic islands formed on
top of a relatively smooth InGaN epilayer, exhibiting a two-size bimodal “dot” distribution.
(b) MDE metallic droplets formed on top of a significantly disrupted epilayer made of frag-
mented InGaN QW. The AFM images are obtained by our collaborators in the University of
Cambridge.

during growth. In puPL experiments, the emission energies of Q2T QDs range from 410
to 560 nm, larger than the typical range of 440 to 520nm observed in MDE samples.
The more flexible and easier control of QD emission energy allows for more attainable

wavelengths of these potential single-photon emitters.

Annealing vs. temperature ramping

The second difference lies in the use of a thin capping and a temperature ramping step
in the Q2T routine. In the original MDE method, an annealing process [118] lasting for
30s in nitrogen atmosphere is immediately carried out after InGaN epilayer deposition at
the same temperature of 675°C. During this stage, the epilayer decomposes and induces
the formation of metallic droplets. For dot formation, a 10 nm thick GaN cap is grown
at the same temperature, during which ammonia and the metallic droplets are thought
to re-react forming QDs. The temperature is finally increased to 1050 °C, when another

10nm GaN cap is grown in hydrogen atmosphere.

The Q2T routine aims to circumvent the annealing process at low temperature, by em-
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ploying a similar indium-clustering effect without the need for epilayer decomposition.
Immediately following the deposition of InGaN epilayer, a first GaN capping layer with a
thickness of 2nm is grown at the same temperature in the Q2T routine. After this initial
capping, the temperature is ramped from 690 °C until it stabilises at 860 °C in a period
of 90s. It is important to note that the very thin 2nm cap—introduced specifically to
improve material quality [122]—is unlikely to cover the larger 3D nanostructures. As such,
the sample is mostly uncapped during this 90 s ramping process, similar to annealing but
without the requirement of a much lower temperature or the decomposition of the InGaN
epilayer. During this ramping process, SK-like indium-rich islands are thought to form on
top of a much less disrupted InGaN epilayer, which is likely preserved by the thin cap.
As shown in the atomic force microscope (AFM) images in Figure 2.1(a) and (b), the
underlying InGaN QW is much smoother for the Q2T sample, compared to the heavily
fragmented morphology of its MDE counterpart. Most possibly due to in-plane strains
in the annealing and decomposition process, these fragmented quantum wells (fQWs) are
parallel to the [0001] crystal c-axis [22]. As such, the Q2T routine is able to produce
metal-rich regions like MDE without requiring a low-temperature anneal, thereby retain-
ing the undisrupted InGaN epilayer morphology for a potentially decreased number of
carrier trapping sites [123].

The final capping for Q2T dot formation happens after the temperature ramp, and is
carried out at the same high temperature of 860 °C. Similar to the MDE case, the SK-
like metallic islands are thought to re-react with ammonia during the grown of an 8 nm
GaN layer. Again, the higher dot formation temperature (860 vs 675°C) also allows Q2T

samples to have fewer defects and carrier traps.

Nanostructure dimensions

The third significant difference is the resultant QD size and underlying QW thickness. It
can be observed that in Figure [2.1a), there are generally two different sizes of metal-rich
clusters. A more detailed investigation revealed that these uncapped Q2T QDs exhibit a
bimodal size distribution. As shown in Figure (a), Gaussian distribution fittings yield

mean diameters of 1.5 and 15 nm. Further AFM analyses also give estimated heights of < 2

20



2.2. GROWTH OF A-PLANE INGAN QDS

and > 10 nm for these two categories respectively. In contrast, uncapped MDE QDs have
an average height of < 5nm and diameter of ~ 30 nm, without any observable non-Normal
size distributions. While it is non-trivial to confirm the exact QD sizes after capping, the
results presented above do predict that there are large variations in the dimensions of
Q2T QDs. The effect of size differences on the optical properties of MDE QDs, such as
polarisation and radiative recombination lifetimes, will be examined in Chapter The
findings will then be re-confirmed with Q2T QDs with even larger size variations in Chapter

[} when all other relevant optical properties of MDE and Q2T samples are also compared.

Another physical dimension difference is caused by the amount of material needed for
the InGaN epilayer. To achieve the highest sample emissivity, the MDE routine requires
an epilayer thickness of 10 monolayers (ML), while that in Q2T’s recipe is optimised at
16 ML. Although carrier generation in QWs differs from bulk materials, a thicker QW
does have a higher capacity to produce more carriers for recombination. Furthermore, the
10 ML thick fQWs in MDE samples might not be emitting as strongly as QWs that are
undisrupted. As such, it would be more likely to observe generally stronger QW emission
from Q2T samples. For purer single-photon emission, it is undesirable to for the QD signal
to be contaminated by the background QWs. Therefore, Q2T samples might have worse
single-photon performance than MDE ones—another prediction which will be tested in

Chapter

2.2.3 Nanopillar fabrication

To isolate QDs and increase photon extraction efficiencies, nanopillars were post-processed
for both Q2T and MDE samples. Silica nanospheres [124] with a diameter of 180 nm are
drop-casted onto the sample wafer, and act as process masks. After dry-etching to a depth
of ~ 350nm (deeper than the active InGaN region), ultra-sonication and buffered-oxide
etch are performed on the samples to remove the residual nanospheres. A complete descrip-
tion of the processing steps can be found in the publication [24]. Examples of the resultant
nanostructures for both Q2T and MDE samples are shown in Figure[2.2(b) and (c). With

the same masking and etching processes, the dimensions of the resultant nanopillars are
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Figure 2.2: Uncapped QD size distribution of Q2T samples and nanopillars for
both MDE and Q2T QDs. (a) Bimodal distribution of the uncapped Q2T QD size, where
both components are fitted with Gaussian profiles. (b) A typical nanopillar post-processed
for the Q2T sample for isolation of QDs and increase of photon extraction efficiencies. (¢) A
typical nanopillar for the MDE sample, which is very similar to the Q2T counterpart under the
same processing recipe. The QD size data and SEM images are obtained by our collaborators

in the University of Cambridge.
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highly reproducible for both samples and should expedite optical investigations to similar

extents.

It is worth noting that for experiments detailed in this thesis, no additional distributed
Bragg reflector [125] [126], 127] structures are included in the samples. As such, the nanopil-
lars do not produce quantum electrodynamic [128, [129] enhancements, and only improve
the efficiency of light extraction. As the diameter of the nanopillars are much smaller
than the laser spot, a significant portion of undesired background emission will be re-
moved, resulting in better signal-to-background ratio of the QDs in the case of a single
nanopillar excitation. However, unlike previously mentioned dot-in-nanowire GaN sys-
tems [97, 99, 130], the diameter of the a-plane QDs are much smaller than the pillars
themselves, and several single QQDs could be present in each nanopillar. In optical studies,
it is still necessary to spectrally isolate the QD of interest, with methods explained in the

following sections.

2.3 Micro-photoluminescence

Micro-photoluminescence refers to the process of photon generation triggered by the op-
tical excitation of an emitting medium at micron scales. The optical setup used in the
pPL investigation of non-polar a-plane InGaN QDs is shown in Figure All optical

characterisation data in this thesis have been obtained using relevant sections of this setup.

2.3.1 Two-photon pulsed excitation

The source of excitation is a Coherent Mira 900 Ti:Sapphire laser, which can produce
pulsed excitations with a repetition rate of 76 MHz (~ 13ns between pulses) across a
tuneable range of 700 to 1000nm. A Coherent Verdi V8 laser uses the second harmonic
generation of a 1064 nm Nd:YVOy crystal to provide 532 nm pumping of the Ti:Sapphire
with a power of 8 W. The use of pulsed excitation not only provides sufficient instanta-
neous power to trigger optical emission in the QDs, but also makes time-resolved lifetime
measurements possible. The Ti:Sapphire laser can operate either in a picosecond mode

with a pulse duration of 1ps and energy resolution of 1.3 meV, or in a femtosecond mode
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Figure 2.3: uPL setup used for the optical characterisation of non-polar a-plane
InGaN QDs. (a) A schematic showing a Ti:Sapphire laser system, whose output is transmit-
ted by a single-mode fibre and directed towards a dichroic mirror. A 100x objective focuses
the beam to a 1 pum spot on the sample housed in a closed-cycle cryostat. The PL from the
sample is directed to setups for time-integrated, time-resolved, polarisation-resolved, or HBT

measurements. (b) A photograph of the actual setup.
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where the pulse duration is 100 fs and the energy uncertainty increases to 13 meV due to
Heisenberg’s uncertainty principle. For QD-focused investigations detailed in this thesis,
the narrower laser bandwidth of picosecond mode is preferred and used for all experiments.
The output power of the Ti:Sapphire laser is usually around 1 W, which is then reduced
to 150-200mW by ND filters before entering a single-mode fibre with a core of 4 um.
With a coupling efficiency of ~ 50%, the output power is 60-90 mW. The fibre also acts
a spatial filter and provides a smooth near-Gaussian beam output, thus forgoing the need

of a conventional pinhole setup.

Usually, a laser operation wavelength with photon energy greater than the expected QD
exciton ground state transition (410 to 560 nm) should be chosen, e.g. 405nm. However,
in this case, instead of passing the pulsed excitation through a frequency doubler, a laser
wavelength of ~ 795 nm is used directly for two-photon excitation. It has been shown both
theoretically and experimentally that multi-photon excitation results in higher relative
absorption cross section of nanostructures with greater degrees of quantum confinement
[105], 1311, 132, 133]. Therefore, the use of 795 nm excitation allows relatively stronger QD
emission intensity than the underlying QWs that generate photons in the same spectral
range, resulting in higher dot-to-background ratios and facilitating the investigation of
QDs’ optical properties. For this reason, all results from this thesis are obtained with
pulsed 795 nm two-photon excitation. Compared to the one-photon case, the power of
two-photon excitation varies with the square of its intensity. Due to the much lower
absolute two-photon absorption cross section, the full extent of the fibre output power
mentioned above (60-90 mW) is used, which is 3 orders of magnitude higher than typical
one-photon excitation powers [62]. It should be noted that the optical injection power
in this particular setting is just enough to saturate the emission of a-plane InGaN QDs.
Based on separate experiments performed without an optical fibre, the intensity of the

QDs do not increase further as the two-photon power is increased beyond 100 mW.

The laser pulses out of the fibre is transmitted through a long-pass dichroic mirror, and
focused by a Mitutuyo near-infrared 100x objective with a numerical aperture of 0.5,
resulting in a 1 pm spot onto the sample. The transmission of the objective at 800 nm

is ~ 70%. With further losses of mirror reflection and restricted beam entrance into the
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objective accounted for, the power output is about a third (20 to 30mW) of the fibre

output.

2.3.2 Closed-cycle cryostat

The sample is housed in a closed-cycle attoDRY 800 cryogenic system, the schematic of
which is shown in Figure 2.4] The sample is placed on a holder and fixed to a stack
of piezo-controllers responsible for movements in the z-, y- and z-directions. A shroud
provides vacuum sealing and thermal isolation, while an actively cooled radiation shield
prevents thermal radiation from the vacuum shroud itself due to its exposure to room
temperature. A stable sample temperature of ~ 4.7 and 8.9 K with laser incident can
be achieved with and without the radiation shield respectively. Cooling is performed on
the expander (cold-head) by the compressor, which itself is cooled by continuous supply
of cold water. Before the compressor starts and cooling commences, an internal vacuum
pump is turned on to extract air and lower the pressure to < 1072 bar. Over a course of
~ 5hours, the internal pressure reaches < 107°bar and the temperature of the sample
< 5 K. Along with temperature and pressure sensors, a proportional integral derivative
(PID) controller allows accurate and efficient tuning of the target temperature. Thus, the
sample temperature can be regulated up to 320 K within an accuracy of 15 mK. As set
out in the introduction, part of the work in this thesis aims to investigate the ability of
a-plane InGaN QDs to operate as polarised single-photon sources at T' > 190 K. For these
investigations, a temperature resolution of 1 K would be sufficient. Therefore, the attoDRY
800 system is more than capable for the needs of the relevant studies. The setup is built
into a floating optical table, which significantly damps any sources of vibration such as
that generated by the compressor. The No supply in Figure is used fill the chamber

during vacuum breaking and sample exchange, minimising undesired water condensation.

The use of a closed-cycle dry cryostat, instead of a conventional continuous flow wet
version, is essential for the intended investigations. Firstly, the absolute brightness of
current a-plane samples, especially under two-photon excitation, is much weaker compared
to conventional arsenide ones. The expected time for an HBT experiment is on the order of

hours instead of seconds. Furthermore, as the samples have been enhanced by nanopillar
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Figure 2.4: Schematic of the version of attoDRY 800 closed-cycle cryogenic system

used for sample cooling in all experiments of the thesis. A stable sample temperature
of < 5K can be obtained with the setup, and regulated up to 320 K within an accuracy of
< 15mK. The closed-cycle nature of the system in-principle allows the cooling to be retained

for as long as necessary. The components are not illustrated to scale.
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structures, it is less feasible to apply a patterned mask for sample identification. As such, in
these self-assembled systems, all measurements need to be performed once a QD candidate
is chosen. These include polarisation, lifetime and autocorrelation studies, from low to
high temperatures. For instance, the experiment that produced data for high-temperature
polarisation-controlled single-photon emission up to 220 K [25], which will be discussed in
Chapter [5| in detail, took a single experiment session of 4.5 days to complete. It is unlikely
for a conventional liquid He continuous flow cryostat for keep stable temperatures for such
extended periods of time. On the other hand, the closed-cycle system should in theory be
able to operate for as long as necessary, given a stable power supply and good working

conditions of all components.

2.3.3 Time-integrated and polarisation-resolved ;PL

The PL triggered from the sample is then collected by the same objective, reflected by the
dichroic mirror, and directed towards a Shamrock 500i half-metre spectrograph. The slit
of the spectrometer can be controlled between 10 ym to 2.5 mm. Two of the triple turret
gratings, 300 and 12001/mm, are blazed at 500 nm with a maximum efficiency of ~ 80%.
The photoelectric detection of the dispersed light occurs in an Andor iDus 420 Si-based
charge-coupled device (CCD), which has an array of 1024 x 255 pixels. The pixel size of the
CCD is 26 um, providing a maximum pixel resolution of ~ 38 pm for the time-integrated
pPL setup. The CCD is Peltier-cooled to 50 °C, reducing thermal fluctuation noise to
3-5cts/s.

An example of the typical emission spectrum observed in time-integrated pPL is dis-
played in Figure All sharp emission features come from nanostructures with 3 spatial
dimensions confined. Due to the stochastic self-assembly process, the physical attributes
of these nanostructures could differ tremendously within the 1 um laser excitation spot.
These properties, such as size, shape and indium content, could affect the strength of quan-
tum confinement, intensity, emission energy and exciton transition linewidth significantly,
resulting in the observed variety of sharp peaks in Figure [2.5] spectrally overlapping with
~ 50 cts/s background InGaN QW emission. Four particularly strong QD-like emissions

can be seen at 461, 463, 472, and 475 nm, which are near the centre of the experimentally
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observed a-plane InGaN QD emission range of 410-560 nm. These QDs are often chosen
for temperature-dependent and HBT studies, where high absolute emission intensities are
desired. However, in unbiased statistical investigations of optical polarisation (Section
, exciton transition linewidth (Section , and radiative recombination lifetime
(Section , other sharp QD-like peaks such as those between 465 and 470 nm are also

included.
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Figure 2.5: Typical uPL spectrum containing several self-assembled single a-plane
InGaN/GaN QDs. Across the 25nm spectral range, a number of sharp emission features
characteristic of QDs can be seen on top of fluctuating (average ~ 50cts/s) QWs. Four of
the relatively stronger QD-like emissions at 461, 463, 472, and 475 nm are usually chosen for
further studies due to higher intensities and narrower linewidths, which are indicative of good

quantum confinement.

The linewidths of the QD emission profile is broadened by the uncertainty of the exciton
transition, which is related to its radiative lifetime by %/2 according to Heisenberg’s uncer-
tainty principle. However, in the context of nitride QDs, carriers present in the vicinity of
the single quantum emitter can induce an instantaneous electric field, causing QCSE and
a small change of its exciton energy. This energy fluctuation is called spectral diffusion,

and could occur at both fast- and slow-timescales [134] [135]. Further discussion and mea-
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surement of these two types of spectral diffusion can be found in Sections and
respectively. A linewidth study with consideration of other temperature-dependent broad-
ening processes is included in Section [5.5] Due to these reasons, the measured linewidth is
a random accumulation of Lorentzian peaks. Therefore, a Voigt profile, which is a convo-
lution of Gaussian and Lorentzian functions, should provide the most accurate description
[136]. In the case of current a-plane InGaN QDs, the measured linewidth (~ 1meV) is
much larger than the expected Lorentzian linewith (~ 1 ueV for a recombination lifetime
of 309 ps, see Section. As such, fitting with Gaussian functions alone should provide
an accurate estimation of the observed linewidth, and is therefore used throughout the
thesis. For instance, the four strongly emitting QDs in Figure[2.5]have Gaussian linewidths
of 918 £57, 696 £18, 775426, and 552+ 17 peV from low to high wavelengths respectively.

A pair of polariser and half-wave plate can be introduced to or removed from the optical
collection path, allowing for optical polarisation studies. There are several challenges
in realising sufficient accuracy for these studies, particularly due to imperfect optical
components, physical position drift of the sample, QD intensities fluctuations, and data
acquisition of the weaker fine-structure PL component. Therefore, three measures have

been taken to maximise the precision of the recorded data:

1. For each angle rotated by the polariser, the half-wave plate is rotated by half the
angle in the opposite direction, thereby maintaining the axis of polarisation for the
PL at all angles. This is done to avoid a ~ 10% difference in the detected intensity

caused by different polarisation angles.

2. The tolerance of optical alignment of components is not sufficient to account for
the changes caused by the manual rotation of the cubic polariser. As a result, the
PL slightly moves around the slit while the polariser angle is changed. Thus, the
slit is opened wide enough such that all PL can enter the spectrometer during a
polariser rotation, as the maximum spectral resolution is not a necessity in optical
polarisation measurements. Alternatively, this can also be achieved by placing the
half-wave plate before the polariser, fixing the polariser angle, and rotating the half-

wave plate instead.
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3. Due to unpredictable random sample position drifts, the maximum PL intensity of
the QD is immediately recorded as a reference after data at each polariser angle is
taken. The final results are then normalised with respect to the reference measure-

ments.

Several other precautions in the analysis of polarisation data have also been used—these
are explained in detail in Section of the next Chapter, together with experimental

results and their discussions.

2.3.4 HBT and time-resolved yPL

The HBT setup follows the standard model introduced in Figure of the previous
chapter. As the accurate measurement of g(z)(O) is paramount, spectral isolation of the
QD signal is of central importance. This can be achieved directly and accurately with the
second exit (the first exit being connected to the CCD) of spectrometer, where the slit
opening can be controlled for a desired number of pixels of light output. However, such
an arrangement results in intensity losses that are less ideal for autocorrelation studies
of relatively weakly emitting a-plane InGaN QDs. In an HBT experiment, an event is
recorded when both detectors register a photon simultaneously, indicating a quadratic
dependence of the histogram data count with PL intensity. To ensure the highest possible
experimental accuracy, it is desirable to maximise the intensity of PL that reaches the
detectors. For this reason, a pair of Semrock VersaChrome tuneable bandpass filters
are used to spectrally select the desirable wavelength range of PL transmission, before
passing it to the HBT setup directly (see Figure (b)) Each Semrock filter allows
> 90% transmission over a spectral range of ~ 15nm. With a rotation of up to 60°, this
transmission window can be tuned towards the bluer end of the spectrum up to a change
of =55 nm. An example of the transmission of a Semrock 501 /15 filter is shown in Figure
Therefore, with an identical pair of these filters, a narrow (a few nm) transmission
range can be defined and tuned between 455 to 495 nm. Since the emission of a-plane QDs
are expected to be between 410 to 560 nm, four different pairs (449/15, 487/15, 501/15,

and 547/15) are prepared and used according to the QD of interest.
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Figure 2.6: Transmission of a Semrock 501/15 VersaChrome tuneable bandpass
filter. A 15nm spectral window of transmission can be tuned by > 50 nm with a rotation
of 60°, maintaining a > 90% transmission. Using a pair of these filters, QDs in the range of
455 to 495nm can be spectrally isolated. Also shown is the non-perfect boxcar-like spectral

bandpass edges with finite slopes, which could reduce the PL intensity of the studied QDs.
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Figure also shows that the edges of the transmission are not perfect boxcar functions
with infinite slopes. The gradual transmission change over ~ 2nm would partially and
undesirably reduce the transmission of a QD’s PL, especially when it has a narrow (~nm)
exciton transition linewidth. In these situations, a judgement is made in balancing the
amount of unwanted signal reduction and QD signal retention. Given the high sensitivity of
these Semrock filters to the angle of rotation, obtaining an optimal trade-off is a significant
challenge. Due to this reason, it is also much harder to provide an accurate estimation
of the dot-to-background ratio with the bandpass filters in place. A method to minimise

this estimation error is explained in Section [3.4.2

The spectrally selected PL is then incident on a non-polarising 50 : 50 beamsplitter,
which directs the beam to two Hamamatsu H10720 photomultiplier tubes (PMTs) [100] for
detection. The electric signals from the PMTs are passed on to a PicoQuant TimeHarp 260
time-correlated single-photon counting (TCSPC) card. The TCSPC module is connected
to a computer via a PICe channel, allowing for parameter control, such as digital delay, bin
width, and real-time histogram visualisation. The smallest bin width of the TCSPC card
is 25 ps, and the maximum acquisition time is 100 hours. With the 25 ps time resolution,
a digital delay of up to £100ns can be introduced in either of the detection arm. In the
actual HBT experiments, the highest bin resolution is not required due to the 13 ns interval
between each laser pulse. In order to increase the data count per bin, the resolution has
been changed to 100 ps. Autocorrelation data for a-plane InGaN QDs and their discussion
can be found in Sections B.4] and (.61

During the course of data acquisition, random position drifts of the QD could occur. As
such, the position of the sample needs to be optimised using the piezo-controllers at least
every minute to allow maximum QD PL intensity. In order to achieve this without having
to re-direct the PL back to the spectrometer, a position optimisation computer programme
has been developed by Dr. Luke P. Nuttall in the optical characterisation lab. Over a
user-defined time interval, the programme moves the sample in +z and £y directions by
one single position step and records four different count rates from the TCSPC card. It
then compares these to the count rate without any position movement, and selects the

highest reading of the five. The position of the sample is then adjusted accordingly or
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kept unchanged. The programme can be set to run several times in order to reach a
fixed sample position. With the optimisation script, the TCSPC card and the closed-cycle

cryostat, a single set of autocorrelation data can be collected for up to four days.
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Figure 2.7: Measurement of the instrument response function of the PMTs. Using
sample surface reflection of the second harmonic generation of 795 nm excitation pulses, the
IRF data of the detector are recorded. A Gaussian profile is fitted to the data, yielding a
width of 137 4 4 ps.

For radiative lifetime measurements, the same HBT setup can be used with the signals from
only one of the two PMT detectors as the source input. A small fraction of the laser pulses
is attenuated and directed to a diode detector, the signal of which is passed on to the sync
input channel of the TCSPC module. Alternatively, the spectrometer exit slit can be used
to select the desired range of PL wavelength, and a third PMT can be used for detection
as shown in Figure (b) This would be more efficient especially when simultaneous
HBT measurements are not required. Such an arrangement is possible because the rate
of event recording in this case is directly related to the PL intensity, instead of the square
of intensity in the HBT case. The instrument response function (IRF) of the PMTs has
been measured using the second harmonic generation of the Ti:Sapphire laser reflected off

the sample surface. An example of the IRF measurement of the PMTs used is shown in
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Figure According to the results of Gaussian fitting, the IRF has a width of 137 +4
ps. As the expected radiative lifetimes of a-plane InGaN QDs are < 500 ps, the relatively
large IRF could cause inaccuracies in the analysis of exponential decay. A method to
resolve this issue is discussed in Section where the recombination lifetimes of the QDs

are investigated in detail.
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Cryogenic quantum light sources

3.1 Chapter introduction

As explained in Chapter [I} the potential of a-plane InGaN QDs to act as ultrafast single-
photon sources with deterministic polarisation properties is the key feature that makes this
platform stand out from other nitride contenders. In this chapter, the low-temperature
optical polarisation properties, radiative lifetime, and single-photon generation of a-plane
QDs will be examined in detail. Firstly, the situation and challenges in the conventional po-
lar c-plane nitride will be highlighted, and contrasted to how the a-plane system attempts
to resolve these challenges. For the investigation on optical polarisation and radiative
recombination rate, statistically significant experimental data are combined with possible

theoretical foundations to elucidate the origin of these desirable advantages.

Although nitride QDs are able to operate at elevated temperatures—a key motivation
for the work set out in this thesis—their optical properties are still best manifested at
cryogenic conditions. For this reason, the results in this chapter are solely from puPL
experiments performed at ~ 5 K. A comprehensive temperature-dependent study will be
detailed in Chapter [l Currently, MDE QDs still have better signal-to-background ratios
and higher average emission intensities than the newer Q2T samples. For low-temperature

investigations in this chapter, all data were taken with MDE QDs.
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3.2 Elucidation of polarisation properties

3.2.1 Polarisation and its control in polar nitride QDs

It has been well established both theoretically and experimentally that in a symmetric
polar [0001] c-plane nitride QD, the in-plane polarisation of emitted photons is a circular
one [137, 138, [139]. However, due to the uncertain nature of the self-assembly process, the
epilayer strain and local environment cause random QD size, geometry, and composition
variations. These differences in turn affect the polarisation properties of the self-formed
QDs. In the nitride case, the impact of shape anisotropies on the polarisation properties is
especially pronounced compared to other materials [I38], [140]. As such, although individ-
ual QDs from several c-plane nitride systems [96, [113] [130] have been able to achieve high
degrees of optical linear polarisation (DOLP), statistical analyses reveal random distribu-
tions of DOLP and polarisation angles [139]. In these cases, prior measurements would be
needed to determine specific QDs with high DOLPs, and external half-wave plates would
be required to alter the polarisation angle. Hence, the ability to achieve reproducible
intrinsic polarisation control would be more desirable for the potential implementation of

quantum key distribution protocols, such as BB84 [141] [142].

Several solutions to artificially create nanostructure anisotropies for light guiding have
been used to control the polarisation properties of c-plane nitride QDs. The most common
among these are nanowire structures [112] 130, [143], [144] [145| [146]. Although QDs formed
in nanowires do not have intrinsic polarisation control per se, the dipole of the QD exciton
is preferentially confined by the nanowire geometry when the structure is lying horizontally,
orthogonal to the crystal c-direction of PL emission. Due to the small diameter of the
nanowire and the large contrast in its length, horizontally aligned nanowires can almost
always produce near-unity DOLP, with polarisation angles along its long axis. However, it
is challenging to achieve further electrical contacting on these nanowires. The only current
solution [I43] have complex structures and would be difficult to implement at larger scales.
The limited physical geometry also confines heat more strongly than a planar epitaxial

system, thereby creating higher local temperatures. This lack of proper heat dissipation is
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thought to be the culprit that undermines some systems [112, [113] for higher-temperature

operation.

Another approach aims to control the output shapes of the nitride photonic nanostruc-
tures. QDs embedded in pyramids [140} 147, 148, [149] with elongated tops [140] and in
elliptical nanocolumns [150, [I51] have both consistently produced high degrees of DOLP
with predefined polarisation axes. Due to the limit in controlling ellipticity, the statistical
DOLP of the asymmetric nitride nanocolumns is currently limited at ~ 0.7 [I50]. On the
other hand, the larger diameters of the elliptical nanocolumns make electrical contacting
easier than nanowires. The use of elongated pyramids can achieve a larger aspect ratio
and thus higher average DOLP at ~ 0.9 [I40], but poses a more involving task to make
electrical contacts. In both cases, the issue of heat dissipation makes high-temperature op-
eration difficult, and there have been no report of single-photon operation above cryogenic

temperatures yet for these systems.

3.2.2 Origin and theoretical foundation

Basics and motivation

Bypassing the difficulties in nanostructure fabrication and electrical contacting, the a-
plane system lowers the wurtzite crystal symmetry and breaks the valence band degeneracy
at the material level. As explained in Chapter|[l] the changed degree of band mixing effect
introduces a system-wide polarisation anisotropy. This effect has been well studied non-
polar (both a- and m-plane) QWs [I15], 116}, 152, 153 [154], [155] 156, 157, 158]. However,
in the case of self-assembled QDs, the expected optical polarisation properties still need

to be quantified, particularly due to the following two reasons.

1. A lens-shaped a-plane QD nanostructure with stronger vertical (growth direction)
than lateral quantum confinement has different degrees of energy level shifting, and
thus polarisation properties, comparing to that in an a-plane QW system where

confinement is only present in the growth direction.

2. Similar to most c-plane systems, a-plane QDs grown by the current methods still

have random differences in dimension, geometry, and material composition due to
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the stochastic self-assembly process. These variations have a non-zero and unknown
impact on the polarisation properties, which needs to be quantified and compared

to that caused by the use of the a-plane material alone.

In order to answer these two questions, our collaborators in Tyndall National Institute used
k-p theory [159] 160, 161, 162] to elucidate the polarisation properties of self-assembled
a-plane InGaN QDs. The final results of these theoretical studies are quoted here in
support of the physics discussion and experimental findings, without elaborations on their

finer details.

Lens-shaped QD with symmetrical base and typical indium content

It is non-trivial to obtain experimental data on a-plane InGaN QD geometry, dimension,
or indium content after capping. In other nitride and non-nitride QD systems, it has been
widely assumed that a typical QD would have a lens-shaped geometry [163],[164]. As such,
this assumption is also followed here. According to results from earlier AFM analysis [22],
the typical base diameter and height of the nanostructure have been chosen to be 30 and
2.5 nm respectively. An indium content of 20% is set as the starting point, which is usually
the target in growth. The k-p simulations were performed on a 50 x 50 x 30 nm? supercell
with periodic boundary conditions. More detailed information on the theoretical work,
such as built-in fields and electronic structures, can be found in our joint publication [24].
The QD ground state emission energies resulting from these simulations were between 2.7
and 2.9eV, which are close to typical experimental observations and those published in
the literature [25] 26], 27, 28], 114], 134, [165]. As such, the assumptions made for the QD
geometry, dimension, and material composition are reasonable ones, and were used for

further calculations of the DOLP.

The in-plane polarisation properties of the ground state emission can be determined by the
relative contributions of |m) and |c¢) in the hole wavefunction. The k-p simulation shows
that a hole ground state should be 97% |m)-like and 2% |c)-like. In pPL experiments,
these should directly translate into a maximum intensity parallel to the m-direction, and
a minimum intensity perpendicular to it, with an intensity ratio of 97 : 2. According to

the formula to calculate the DOLP P,
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Ima,x - Imin

P =
Imax + Imin

: (3.1)

where I,.., and I;, are the maximum and minimum intensities measured in PL, a typical
a-plane InGaN QD without shape anisotropies should have a P of 0.96. This first result
is already very different from c-plane InGaN systems, where the DOLP is 0 for a QD with

no in-plane anisotropies [138, [139].

A currently unaddressed effect is the possible mixing of contributions from single-particle
excited states with the ground state, due to Coulomb effects. Our collaborators in Tyndall
has calculated that for a-plane InGaN QDs, the first few excited hole states also have close
to 100% contributions from |m)-like states, indicating that Coulomb-induced excited state
mixing with the ground state does not affect the results obtained at cryogenic tempera-
tures. However, at elevated temperatures, the effect of excited states becomes much more
significant. The temperature evolution of the DOLP of self-assembled a-plane InGaN QDs

will be discussed in Section (.71

QDs with differences in shape and indium content

On the other hand, a different issue needs to be addressed regardless of the operation
temperature. As explained previously, self-assembled QDs are highly unlikely to be all
symmetric in shape, or have uniform size and material composition. Work on other sys-
tems, such as arsenide [48, 49] (50} 511, 52), 53] and c-plane nitride [I138, [139], has shown that
shape anisotropy alone can already drastically change their polarisation properties. In the
a-plane InGaN case, the random variations of physical and material properties could intro-
duce relative shifts of the |m)-, |c)-, and |a)-like states. These changes in turn contribute
to differences in the hole ground state, and thus the polarisation of emission. Hence, it
is important to quantify the extent of the possible optical polarisation changes caused by

these differences, and to determine the impact they have on the DOLP of a-plane QDs.

For instance, if the QD is “squeezed” such that its dimension along the c-direction becomes
smaller, the energetic separation between the |m)- and |c)-like states would increase the

DOLP of the QD further. Coupled with the lower effective mass of the |c)-like states
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Figure 3.1: DOLP variation with in-plane aspect ratio and indium contents for
non-polar a-plane InGalN QDs. The inset defines the coordinate system used in the
simulation, and the in-plane dimensions of d. and d,,. The in-plane aspect ratio 2 is defined
as Q = d./dy,. The study has been conducted for an indium composition between 15% and
25%, and for Q between 1 and 6. Final results of this theoretical investigation are obtained

by our collaborators in Tyndall National Institute.

along the c-direction, the hole ground state would have a smaller relative contribution
from these states. In other words, a compression (elongation) along the ¢(m)-direction
would further increase the high DOLP of a-plane InGaN QDs until it reaches unity. The
more interesting situation is when the anisotropy works “against” the built-in polarisation
of the a-plane material. Opposite to the situation explained above, a compression along
the m-direction would reduce the relative contribution of the |m)-like states to the hole
ground state, owing to the lower effective mass of these states along the m-direction. As
such, anisotropy would be acting against the high built-in a-plane DOLP. A quantitative

investigation of this situation would provide two important insights:

1. The extent of deformation needed for shape anisotropy to overcome the intrinsic

polarisation of the a-plane material, and
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2. how useful this self-assembled a-plane system is producing high DOLPs with realistic

anisotropies.

As shown in the inset of Figure the in-plane dimensions of the base of the lens-shaped
QD are defined as d. and d,,,, which are along the crystal ¢- and m-axis respectively. The
starting point of the simulation is the same as the previous section, i.e. d. = d;;, = 30 nm.
This coordinate system is represented slightly differently from our publication [24], in order
to reflect their associations with the crystal axes more directly. To simulate anisotropy,
the in-plane aspect ratio, defined as Q = d./d,,, is varied between integer values of 1 to
6, with d,, = 30, 15, 10, 7, 6, and 5nm. Additionally, an increased (decreased) band
offset caused by higher (lower) indium contents would make confinement effects stronger
(weaker), thereby making effects of shape anisotropy greater (weaker). As such, a +5%
variation from the indium content of 20% has also been included to reflect the outcome
of the self-assembly process more accurately. In Figure the DOLP remains mostly
constant for = 1 and 2, with a small decrease for 2 = 3. It is important to note that
= 3 already indicates a very drastic shape anisotropy (d. = 30nm, d,, = 10nm). As

such, to answer the two questions proposed previously:

1. In order to completely overcome (reversing the directions of I,.. and I, so that
the numerator in Equation becomes negative in the simulation) a-plane’s built-in
polarisation along the m-direction, a very high aspect ratio of at least 2 = 4, coupled

with a high indium content, would be required.

2. With a realistic in-plane anisotropy of €2 < 3, the intrinsic polarisation overrides the
impact of shape anisotropies and indium content variations. Hence, the DOLP of
a-plane InGaN QDs should be consistently high with very small variations caused

by in-plane dimension differences and indium content fluctuations.

QDs with differences in size, shape, and geometry

In this case, the size and geometry of these QDs are also varied, in the context of varying in-
plane anisotropy. For the starting point of the size dependence investigation, the dimension

the lens-shaped QD’s base is decreased such that d. = d,,, = 24nm. In order to keep the
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Figure 3.2: DOLP variation with in-plane aspect ratio, size, and geometry of
non-polar a-plane InGaN QDs. An additional two sets of data for lens-shaped QDs with
d. = 24 nm and for cuboid-shape QDs with d. = 24 nm have been included in the study. Final
results of this theoretical investigation are obtained by our collaborators in Tyndall National

Institute.

same range of € values for a compression along the m-direction, d,, has been decreased
to 12, 8, 6, 5, and 4nm. In this investigation, the indium content has been fixed a 20%.
As shown in Figure (small yellow circles), the DOLPs for 2 = 3 to 6 coincide almost
completely with the data obtained for the original size, indicating that a 20% decrease in

size have a very small effect on the DOLP of a-plane InGaN QDs.

In order to study the impact of non-lens geometry on anisotropy-varied QDs, a cuboid-
shaped QD is adopted with a length and width of 24 nm, and a height of 2.5 nm. In Figure
3.2| (green squares), the DOLPs of the QDs with this geometry are even more insensitive
to variations of anisotropy, with very high values for 2 = 1-5. A very extreme ) value of
6 would be needed to reverse the polarisation. As such, a drastic change of QD shape from
lens to cuboid would make the polarisation properties even more insensitive to anisotropy

variations.
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All in all, the theoretical results obtained from our collaborators in Tyndall National
Institute have shown that the polarisation properties intrinsic to the a-plane material
are not significantly affected by size, geometry, anisotropy, or indium content fluctuations.
Therefore, self-assembled non-polar a-plane InGaN QDs are predicted to have consistently
high DOLPs of P > 0.9 and a polarisation axis along the m-direction, with very small

variations.

3.2.3 Observation of linear polarisation

With these theoretical foundations, polarisation-resolved uPL experiments were conducted
at 5 K. The m- and c-components of the emission of a representative single a-plane InGaN
QD are shown in the spectra of Figure It can already be seen that the peak intensity
of the m-component (blue) is much stronger than that of the c-component (red). In
polarisation-resolved puPL measurements, the peak QD intensities from 0° to 360° at 10°

intervals were recorded and shown in the polar plot in the inset of Figure|3.3

Peak vs. integrated intensities in polarisation measurements

Although integrated QD intensities should produce more accurate results theoretically,
their calculations are prone to several sources of error in practice in the context of polari-

sation studies.

1. In obtaining the polarisation results of this thesis, the polariser and half-wave plate
were manually adjusted. In between each adjustment and PL spectrum acquisition,
there were at least a period of 10 seconds, during which sample position drift, laser
power fluctuation, and slow-timescale spectral diffusion could occur. These factors,
especially spectral diffusion, could cause the fitting of data at different angles to be

different and inaccurate.

2. Except for angles at which maximum and minimum intensities occur, the PL spectra
of a QD should always be a superposition of two cross-polarised components. Due to
non-zero emission energy differences between these components, i.e. fine-structure

splitting (F'SS), most of the QD PL spectra would be a combination of two different
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Gaussian profiles. The resultant shape peaks, especially those close to the weaker
fine-structure component, would be much harder to fit accurately. A multi-peak
fitting routine with consideration of the FSS is not always possible. Due to the

small FSS and spectral diffusion, such a fitting does not always converge.

3. The profile of the background QW emission cannot always be determined accurately,

to make the fitting of the QD more precise.
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Figure 3.3: Polarisation-resolved ;PL measurement for a non-polar a-plane InGalN
QD. Maximum PL intensity of the QD at 503 nm is more than 20 times stronger than the
minimum, indicating highly polarised emission. Inset: Polar plot demonstrating Malus’s law-
type intensity variation of the studied QD. The background optical microscope image shows
c-aligned striations naturally formed during growth, orthogonal to the polarisation axis along

the crystal m-direction.

Due to these reasons, the results obtained by analysing the integrated intensities are not
necessarily more accurate than the peak intensities of the QDs. As such, for polarisa-
tion measurements only, peak intensities with a linear background approximation should
provide a reasonable estimate. Integrated intensities will be used again when difficulties

specific to polarisation studies are not present, e.g. for temperature-dependent intensity
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evolutions in Section 5.3

Accurate use of Malus’s law

Malus’s law describes the sinusoidal intensity variation with polariser angles for a linearly
polarised light source. For most QD platforms, including this a-plane system, the average
polarisation degree is less than exactly 1. As such, it is important to note that both of
these two components should exhibit sinusoidal intensity variations in accordance with
Malus’s law, with a phase difference of exactly 90°. As such, the intensity data in the

inset of Figure [3.3] were fitted with

1(0) = I, 0052(0 — )+ Lnin Sin2(9 —¥), (3.2)

where I,,.. and I,;, are still the maximum and minimum PL intensities as introduced
in Equation 3.1 and € is the polariser angle. For this study, § = 0° is defined to be
along the crystal c-axis, within a 10° error due to the manual placement of the sample
in the cryostat. A separate parameter ¢ is introduced to indicate the angle at which the
maximum PL intensity occurs relative to the c-axis, i.e. § = 0°. Equation|3.2]is equivalent

to the Malus’s law form of

1(9) = (Imax - Imin) COSQ(H - SO) + Imitn (33)

which is a function with a maximum of I,,,, and minimum of I ;. If the 90° out of phase
sinusoidal variation of the weaker fine-structure component is ignored, the fitting function

becomes

1(0) = Ly 085 (0 — @) + Lin, (3.4)

with a maximum intensity of (I.. + lmin) [112, 166, 167, 168]. Unless the minimum
intensity is > 2 orders of magnitude smaller, in which case the error in P is < 0.01, the
polarisation analysis would be highly inaccurate. In reality, no systems have been reported

to exhibit such high average DOLPs. Even for the highly polarised a-plane QD in Figure
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where the maximum intensity is 20 times stronger than the minimum, an error as large
as 0.05 in the DOLP would be introduced if Equation [3.4] were used. Therefore, Equation

-2 or B3] should always be used in the study of QD polarisation.

The close fit with Malus’s law, as indicated in the polar plot, demonstrates that the studied
QD is emitting as a polarised light source. Using Equation [3.1] and a P of 0.924+0.05
and ¢ of 92° £+ 1° are found, showing that the studied a-plane QD is highly polarised
with an axis along the crystal m-axis (orthogonal to the c-axis). The value of DOLP also

coincides with our theoretical findings for a QD with in-plane anisotropy of < 2.

Also shown in the inset of Figure [3.3]is an optical image of the sample used. As explained
in Section [2.2.2] physical striations visible to the naked eye are naturally formed during the
fabrication of the sample. These striations are always parallel to the crystal c-axis, and are
useful features to identify the orientation of the sample. The polar plot overlaid on top, in
which 6 = 0° is intentionally aligned parallel to these striations during sample placement
in the cryostat, further demonstrates that the axis of polarisation is perpendicular to the

crystal c-axis.

3.2.4 Statistical significance and contrast to QW

Although the single QD studied in Figure [3.3| is a representative one, current a-plane
(MDE) samples contain QDs emitting from 440 to 520 nm, with varied optical properties
such as intensities, linewidths, and dot-to-background ratios. In order to show that the
a-plane platform can consistently produce highly polarised photon emission experimen-
tally, DOLP calculations on 180 individual single QDs were performed. In an attempt
to minimise selection bias, every QD-like shape emission in the PL spectra was studied.
However, an exception was made in the selection: If a QD has an intensity of < 50 cts/s,
it was not included in the study. This is because intensities near the weaker fine-structure
component of these weakly emitting QDs are smaller than the noise of the CCD, making
accurate polarisation measurements impossible. It is also worth noting that in an experi-
mental study, the maximum intensity is always greater than the minimum one, i.e. P > 0.
The special case where the numerator in Equation becomes negative is purely caused

the fixed and predefined polarisation axes (where the maximum intensity is attributed to
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the intensity along the m-axis) in extreme situations of the theoretical simulation. The
experimental investigation of polarisation angle will be presented separately in the next

section.

All 180 DOLPs are plotted against their emission energies in Figure (au)7 with histograms
and a Gaussian fit indicating their statistical distribution. All data are in the range of 0.6

to 1, and can be separated in 3 categories as follows.

1. Out of the 180 QDs investigated, there are 23 cases in which the weaker fine-structure
emission is within the 5 cts/s fluctuation noise of the CCD and cannot be detected,
resulting in a P of 1. In the theoretical discussion presented earlier, the presence of
these QDs indicate an elongation (compression) along the crystal m(c)-axis, which

adds to the built-in polarisation of the a-plane material.

2. There are 6 QDs with lower DOLPs between 0.6 and 0.75. According to the results
of simulations, these 6 QDs have more extreme in-plane aspect ratios of > 3. The
~ 3% occurrence of these QDs is in agreement with our expectation that drastic QD

deformations with €2 > 3 are unlikely to occur frequently.

3. The remaining 84% of the QDs have DOLP between 0.75 and 1, with small differences
possibly caused by in-plane anisotropies, size and geometry differences, and indium
content variations. The Q (with a compression along the m-axis) for these QDs

should be between 1 and 2, as previously expected for most of the self-formed QDs.

All the QDs investigated have DOLP values between 0.6 and 1. The Gaussian distribu-
tion fit yields a mean and standard deviation of 0.90 + 0.08. The very small standard
deviation again demonstrates that the built-in polarisation of the a-plane material is able
to effectively overcome random variations of QD shape and composition introduced in the
stochastic self-assembly process. In this investigation, no correlation with the emission
energy has been found, indicating that a-plane InGaN QDs should be able to operate as

reliable polarised photon sources across their available range of emission wavelength.

As explained in Section the MDE growth routine requires an InGaN QW epilayer

to be deposited before its fragmentation and the subsequent metallic droplet formation.
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Figure 3.4: Statistical investigations of the DOLP of a-plane InGaN QDs and their
respective fQWs. (a) A selection of 180 QDs with minimum selection bias. Histograms are
fitted with a Gaussian distribution, yielding a mean and standard deviation of 0.90 & 0.08.
(b) The same calculations and statistical fitting for the f{QW in the spectral proximity of each
QD. The mean and standard deviations are 0.46 4 0.14.
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Hence, all QDs studied in this statistical investigation are emitting together with their
underlying fQWs in similar wavelength ranges, such as the two QDs and their shared
fQW in Figure 3.2l In conducting uPL experiments, it has been observed that these
fQWs are also similarly polarised with an axis along the crystal m-direction. Hence, for
each of the 180 QDs, the DOLP of the fQW in their spectral proximity was also analysed.
These are presented in Figure (b) using identical statistical analysis tools as those used
for the investigation of QDs in Figure (a).

Similar to QDs, there are no observable correlations between the QD energies and the
DOLP of fQWs in their proximity. However, in contrast to the high DOLPs obtained
for QDs, the results for the f{QWs are between 0 and 0.8, with an average and standard
deviation of 0.46 + 0.14. This is an unexpected result, as a-plane QWs should have
DOLPs close to unity with near-zero standard deviations. Across similar thickness of the
same epilayer, QWs do not have a known polarisation-altering parameter equivalent to
shape anisotropies of QDs. Work in the literature has also found very high theoretical
DOLPs, but much lower experimental observations [116] [153] [I54] as this investigation
has discovered. Fundamentally, there should exist factors that either affect band mixing
and energy level separation, or act as a source to introduce |c)-like orbital contributions
to the hole ground state. As QWs are not the focus of this thesis, these hypotheses are
not pursued further. However, the observation itself is intriguing—for various a-plane

nanostructures, high DOLPs can only be obtained with QDs.

3.2.5 Angle of polarisation

For an a-plane QD with no in-plane shape anisotropy, the axis of polarisation should be
parallel to the crystal m-axis of the material, corresponding completely to the |m)-like
states contribution to the hole ground state, such as that shown in the inset of Figure
However, similar to rationale behind the work on c-plane polarisation control with
geometry engineering [140] [150], the angle of polarisation will also be further affected by
the random QD shape anisotropies introduced during growth. Again, a competition exists
between the intrinsic polarisation direction along the material’s m-axis and the in-plane

geometry of specific QDs.
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To minimise selection bias, the polariser was initially set to 45°. As such, QDs with all
polarisation angles (regardless of their PL intensity at this angle), except those with an
alignment of exactly —45°, can be observed. The polariser has also been rotated slightly
back and forth to see if these exceptions do exist. In order to determine the polarisation
angle of a QD, the polariser has been rotated such that both a maximum and a minimum
intensity can be observed from the PL spectrum. The judgment by eye and manual ro-
tation of the polariser are within a 10° error. Out of ~ 80 additional QDs observable in
a number of PL spectra, 91% have a polarisation axis along the crystal m-axis, in agree-
ment with our expectations from both theoretical and experimental polarisation results
discussed above. A very intriguing 9% of the studied QDs exhibited a polarisation axis
along the crystal c-axis, exactly opposite the majority of data obtained. Back to the k-p
results (Figures and , in order to produce a hole ground state with a very high
contribution from |c)-like states, a combination of at least 2 > 4 and high indium com-
position would be required. In the previous section, it has already been found that QDs
with 3 < Q < 4 occur only 3% of the time. As such, the more extreme case of Q > 4 is
unlikely to happen 9% of the time. A more probable cause could be alloy fluctuation [169]

effects, which have been reported to result in similar observations in other platforms.

A demonstration of this 9% exception is shown in Figure [3.5] While the fQW is polarised
along the crystal m-axis as expected, the QD emitting at ~ 505 nm was recorded to have
a maximum intensity when the polariser was aligned to the c-direction. Based on the
intensities measured, this QD and its f{QW have DOLPs of 1 and 0.27 respectively. Both
of these values agree with the statistical studies presented in Figure [3.4(a) and (b). For
these 9% QDs, the effect of anisotropy should be exactly opposite to the m-aligned QDs
discussed above. The 0 detectable intensity of the studied QD along the crystal m-axis
hence implies that the QD should be slightly elongated along the c-direction. These 9%
QDs also have the potential to produce purer polarised single-photon sources than m-
aligned ones. As the QW background intensity is suppressed at the maximum intensity
of the QD, the g(2)(0) values should be closer to 0. However, a good single-photon source
also requires, on top of many other criteria, an intrinsically high dot-to-background ratio

(before the background suppression by polarisation) and an intrinsically high emission
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Figure 3.5: Cross-polarised QD and QW in the a-plane InGaN system. pPL spectra
showing a QD at 505 nm polarised along the c-direction, while its underlying fQW is polarised
along the m-direction. This situation occurs ~ 9% of the time, and is possibly due to random

alloy fluctuation effects.

intensity. Therefore, the rarity of these 9% exceptions does make the identification of

these high-quality QDs more difficult.

3.3 Ultrafast radiative lifetime

3.3.1 Reduction of exciton radiative recombination rate

One of the key disadvantages of using conventional polar nitride-based QDs for the de-
velopment of quantum light sources is the slow radiative lifetime, often in the range of
1 to 10ns [104] 105, 143]. These slow radiative recombination rates thus limit the repe-
tition rate and efficiency of the potential single-photon sources. As explained in Section
built-in fields along the polar direction introduces undesired quantum confined Stark
effects, reducing electron and hole wavefunction overlap. The oscillator strength of the

QD exciton is thus significantly weakened, thereby slowing down the rate of radiative
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recombination [104].

The radiative lifetime 7 of a semiconductor exciton is related to the oscillator strength f

by the equation [170] [171]

B 2meomocthv Gy
- e2E2 f B f’

exc exc

(3.5)

where all fundamental constants and phase velocity v (inversely proportional to the ma-
terial’s refractive index) can be expressed as a single constant of Cj for the same system.
Hence, the only two factors affecting the radiative recombination efficiency is the exciton
transition energy F..., and the oscillator strength f. In order to achieve faster radiative

lifetime at a fixed emission energy, f needs to be increased as far as possible.

The analytical expression for oscillator strength f has been widely used in the literature
[T71) 1772, 173, [174] for theoretical researches, but is less meaningful to include in this
discussion. Qualitatively, f measures the extent of electron and hole wavefunction overlap.
In the design of a QD platform, there are several ways in which this overlap can be

increased.

1. Physically, the size of the QD directly affects the oscillator strength of the exciton.
In nitride systems, the strength of the built-in field decreases with smaller QD vol-
ume [I75]. The weaker fields thus separate the electron and hole wavefunction less
significantly, resulting in faster radiative lifetime at the same emission energy. This
effect is evident in state-of-the-art dot-in-nanowire GaN systems [176], where the
QDs are ~ 2nm in height and ~ 10 nm in width. Being a few times smaller than
typical nitride systems, these ultra-small polar GaN QDs have radiative lifetimes

around 300 ps, which is an order of magnitude smaller than typical polar ones.

2. An external electric field can then be applied against the direction of the built-in
fields, to partially compensate for the internal quantum confined Stark effect. This
has been successfully demonstrated on polar InGaN QDs [104] [I77], but is only able
to reduce the lifetime by a factor of 2 before significant quenching of the intensity

ensues.
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Figure 3.6: Illustration of InGalN energy profile with and without the effect of
electric fields. With the presence of an electric field, there will be changes to the gradient of
energy profiles, and in turn the spatial separation of the electron and hole wavefunction overlap,
causing a decrease in the exciton oscillator strength and increasing radiative lifetime. Due to
the much weaker instantaneous fields caused by nearby carriers, the amount of wavefunction
separation and lifetime increase is much less than in the case of built-in fields. The degrees of

energy level change and wavefunction separation are not illustrated to scale.
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3. Another method to resolve the effect of built-in fields is to find similar alternative ma-
terials without the intrinsic built-in fields. In the context of polar nitrides, QDs can
be grown on the two non-polar planes [22, 112], or on a zinc-blende substrate[103].
With lens-shaped QDs, the residual fields are much smaller than in the polar case.
An order of magnitude reduction of radiative lifetime has been achieved in all three
cases, making this method more effective than method 2. The challenge lies in the
availability of suitable substrates, dot formation mechanisms, and material quality

improvement.

4. The local environment of a QD, such as the presence of carrier trapping sites, also
indirectly affects the oscillator strength of the exciton through quantum confined
Stark effect [165, [I78]. The instantaneous electric fields caused by carriers trapped
in the vicinity of a QD not only cause Stark shifts of the emission energy, but
also reduces the spatial separation of the electron and hole wavefunctions. As a
result, the radiative lifetime would be slightly longer. However, due to the random
nature of these transient fields and the uncertain local environment of individual
QDs, especially in a self-assembled system, this effect should cause a large spread
of the lifetime values. The strength of these fields should also be much smaller
and the extent of lifetime changes should be less significant than method 3. As
such, maintaining a smaller number of carrier trapping sites in the fabrication of
the sample would potentially increase the radiative recombination rate of the QDs.
In conjunction with method 1, this is another reason for the aforementioned dot-in-

nanowire GalN system to achieve ultrafast lifetimes of ~ 300 ps.

All methods 1-4 rely on the minimisation of any sources of electric fields in the QDs that
could potentially weaken the oscillator strength f. In the context of InGaN/GaN QDs,
as illustrated in Figure [3.6] any field present would change the slope of the energy levels
and thus the spatial separation of the electron and hole wavefunctions. It is easy to ignore
method 4—the reduction of carrier traps around QDs could potentially reduce the extent
of electron and hole wavefunction separation and increase the rate of radiative recombi-
nation. The practical implementation of this method, however, would require a revised

fabrication routine that significantly improves the local environment of the QDs. This
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will be explained in greater detail in the next chapter, where the use of the Q2T growth

method and its impact on radiative lifetime and other optical properties are assessed.

While method 2 has been achieved in ¢-plane InGaN systems, the development of an a-
plane device with external vertical electric field has not yet been achieved at the time
of the composition of this thesis, and is beyond the current scope. Nonetheless, such a
device could potentially reduce the residual fields in lens-shaped a-plane QDs even further,
achieving faster radiative lifetimes. For this section, method 3—the effect of using the
non-polar a-plane alone in reducing the exciton radiative lifetime—will be assessed, and
method 1—the usefulness of QD size reduction in the context of a-plane InGaN QDs—will

be examined.

3.3.2 Non-polar and polar nitride QD lifetimes

Similar to achieving intrinsic polarisation, the use of a-plane reduces the problem of weak-
ened oscillator strength at a material level, without requiring sophisticated nanostructure
engineering to create an ultra-small and ultra-clean system. For a typical a-plane InGaN
QD, the result of the time-resolved uPL measurement is shown in Figure Unlike mea-
surement of systems with much slower radiative decay rates, the raw TCSPC data would
be significantly affected by the instrument response time of the detector. As explained in
Section the PMT used for time-resolved uPL experiments in this thesis has an IRF
with a width of ~ 140 ps. As the TCSPC data is a convolution of the IRF Gaussian and
the actual exponential decay of the sample, a function F'(¢) that includes the contribution

from both components, in the form of

F(t) = Fo + (Foaus ® Fuy)(t), (3.6)

should be used so as to obtain accurate results. In Equation [3.6] Fy is the background
counts, Fe,.. is the IRF of the PMT with a measured and predefined width of 137 ps (see
Section , and F,,, is an exponential decay with its time constant representing the
measured radiative lifetime. Depending on the situation, the exponential function could

be a single or multiple component decay.

56



3.3. ULTRAFAST RADIATIVE LIFETIME

1000 T I T I T I . .

i ® Experimental data i

- - Fit with convolved -

t - Gaussian function

3

o R

s

5]

N/

Foy 100

1)) L

C L

(0]

] i

S R
I. ! |

0.0 0.5 1.0 1.5 2.0
Delay (ns)

Figure 3.7: Time-resolved yPL measurement of an a-plane InGaN/GaN QD with
two exponential components. Also shown is the Gaussian of the PMT’s IRF, with a
width close to the radiative lifetime of the QD exciton. A Gaussian function convolved with
a bi-exponential decay is used for fitting in order to more accurately measure the radiative

lifetime of the studied QD, which is found to be ~ 300 ps.

With a bi-exponential decay [179] convolved with a Gaussian, the data in Figure
has been fitted very closely, yielding a time constant of 296 4+ 6 ps for the main decay
component. Another component with a ~ 5-fold lower contribution has a time constant of
1.934+0.09 ns. In the measurement of self-assembled a-plane InGaN QD radiative lifetimes,
there will always be non-zero contributions from the underlying QWs. While the decay
time for QW exciton is mostly similar to QDs, there are sometimes longer components
observable in the lifetime measurements. This could be attributed to a small fraction of
bound carriers in localised traps [180, [I81]. Some of these carriers eventually decay non-
radiatively, but others still undergo radiative recombination. However, depending on the
specific local environment, these components may not contribute significantly in the time-
resolved measurement of a QD, where most of the photons selected by the spectrometer
originate from QD itself. In these cases, the underlying QW already has a very small

contribution to the photons that reach the detectors, and thus the longer and even weaker
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decay component caused by trapped carriers are not always visible.

The example in Figure is one in which the long component is indeed visible, but
contributes much less strongly than the main component of the QD emission as expected.
However, TCSPC data of the a-plane QD in Figure (a) represents the more commonly
observed case in which the weaker and longer component has a contribution much smaller
(more than an order of magnitude) than that of the main QD, and thus does not affect
the measurement of the QD lifetime significantly. It is worth noting that although the
data in Figure (a) can be fitted with a single exponential, attempts to fit the data of
Figure with a conventional bi-exponential alone have been unsuccessful. The failure to
reach convergence in the fitting routine could be attributed to the non-negligible Gaussian
component. As such, for accurate measurement of a-plane QDs’ lifetimes with the current

PMT, the use of Equation [3.6]is necessary.

For the a-plane QD studied in Figure [3.§(a), a radiative recombination time constant of
301+ 7 ps has been found after fitting with Equation [3.6] This result is very similar to that
obtained for the QD investigated in Figure In contrast, the c-plane QD in Figure(3.8{(a)
has a radiative lifetime of 2.64 4 0.01 ns, which is an order of magnitude slower than both
of the a-plane QDs investigate so far. Although not necessary, Equation [3.6] instead of an
exponential decay, has also been used for the fitting of the c-plane data for consistency.
The much faster radiative lifetimes of a-plane QDs are expected due to the minimised
quantum confined Stark effect, and in agreement with the discussion in In order to
examine the exciton lifetime reduction in a-plane QDs further, an additional 10 a-plane
and 10 c-plane InGaN QDs have been investigated, and their measured lifetimes shown
in Figure (b) Although the emission energy plays a part in determining the radiative
recombination rate according to Equation the range of emission energies between
2.4 and 3.0eV should only cause a maximum lifetime difference of ~ 50%. Therefore,
the much larger distribution should be attributed to the difference in exciton oscillator
strength. The range of 200 to 600 ps for a-plane QDs is indeed an order of magnitude

faster than the range of 1 to 10ns for their c-plane counterparts.

According to Equation the lifetimes should be decreasing with increasing emission

energies. However, such a downward trend is very vague and can hardly be seen with the
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Figure 3.8: Comparison between the radiative lifetimes of a-plane and c-plane
InGaN/GaN QDs. (a) Time-resolved ¢PL measurement of another typical a-plane QD and
a typical c-plane one at a temperature of 5 K. (b) Measurement of the radiative lifetimes of 10
c-plane and 10 a-plane InGaN QDs. An order of magnitude faster radiative decay time can

be seen in the a-plane system.
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data in Figure (b) As explained previously, other factors such as the QD size, shape,
and interaction with locally trapped carriers could all cause fluctuations of the oscillator
strength and thus the radiative recombination rate. However, since a-plane and c-plane
QDs are both self-assembled, there should be a similar degree of size and local environment
fluctuations. Nonetheless, the variation of lifetimes in c¢-plane QDs is much larger than
that of the a-plane case. It is possible that similar to the case of optical polarisation,
the radiative lifetime of this a-plane system also has a different sensitivity to its physical
properties. In the next section, the effect of QD sizes in altering the lifetime of a-plane

QDs will be discussed.

3.3.3 Effect of QD sizes

As explained in the discussion of optical polarisation properties, it is non-trivial to obtain
accurate information about the size of QDs. As such, a comparison of time-resolved
pPL measurement of lifetime on QD with different sizes is not currently possible on a
self-assembled QD system. However, the results from the previous section has indirectly
shown that the radiative lifetime of a-plane QDs could be less sensitive to changes in
their sizes. Theoretically, the built-in field of a nitride QD should increase with a greater
volume of material. As such, the stronger fields in a larger QD would result in a slower
radiative lifetime. Although the built-in fields of non-polar a-plane InGaN QDs have been
minimised, there are still facets of the lens-shaped QD that could generate residual fields.

These residual fields should scale similarly with QD sizes as polar QDs do.

In order to shed light into this question, our collaborators in Tyndall National Institute
performed k-p calculations with consideration of Coulomb interactions [163} [164] between
the electrons and holes. Adopting the same model as that explained in the polarisation
section of the oscillator strengths and radiative lifetimes of both polar c¢-plane and
non-polar a-plane InGaN QDs can also be calculated. Our joint publication [173] has a

more detailed description of the theoretical framework.

A lens-shaped QD with a symmetrical base has been used as the QD model. The height
and base diameter of the QD are varied separately, simulating the variation of QD sizes. A

height of 2.5 nm, base diameter of 24 nm, and indium content of 15% have been chosen as
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the starting point, as these parameters produce results most similar to the experimental
findings in the previous section, i.e. lifetimes of 3 ns for c-plane and 0.5 ns for a-plane. At
a constant height of 2.5 nm, radiative lifetime calculations for base diameters of 6, 12, 18,
and 24 nm have been performed, and the results for both ¢- and a-plane are displayed in
Figure (a). Although the height is constant, there are still more materials in the top
and bottom of the QD with larger base diameters, and thus stronger field in the normal
direction. As expected, the lifetime of the c-plane QD increases proportionately with larger
base diameters. However, our collaborators have found that due to the minimisation of
internal field in the a-plane case, the attractive Coulomb interaction between the electron
and hole has been able to significantly counteract the increased strength of the residual
fields. As a result, although the residual fields have also scaled up due to increased base
diameters, their impact on the radiative lifetime is minimised by the dominating Coulomb
effects. Therefore, while the lifetime of the c-plane QD increases more than 4-fold (from
708 ps to 2.92ns) with a 4-time increase of base diameter, the lifetime of the a-plane QD

only increased by ~ 7% (from 435 to 466 ps).

For the effect of height variation, the base diameter has now been fixed at 24 nm. QDs with
a height of 2, 3, 4, and 5nm have been investigated and their lifetimes shown in Figure
(b). Although the radiative lifetime of the c-plane QD increases with height as expected,
the changes are much more drastic. The exponential increase of radiative lifetime could
be attributed to the much greater change in material along the normal c-direction. As the
height of the QD increases, the built-in fields are much stronger, thereby decreasing the
oscillator strength more drastically. However, in the a-plane case, the increase is limited
to residual fields, which again has been mostly counteracted by the Coulomb interactions
between the electrons and holes. As such, even though the lifetime of the c-plane QD
increases by more than 2 orders of magnitude (from 1.60 to 237 ns) with height increased
by 2.5 times, the lifetime of its a-plane counterpart only increases by 12% (from 449 to
502 ps).

It is important to note that other factors such as QD geometry and indium content could
also affect the radiative recombination lifetime of the QD. However, unlike optical polari-

sation, QD size should be the most significant factor in determining the changing strength
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Figure 3.9: Effect of QD sizes on radiative lifetimes for lens-shaped c-plane and
a-plane InGaN QDs. (a) Lifetimes with varying base diameter. The height of the QD
is fixed at 2.5nm. (b) Lifetimes with varying height. The base diameter is fixed at 24nm.
Both insets show the smaller changes of lifetimes in the a-plane case. The final results of this

theoretical investigation are obtained by our collaborators in Tyndall National Institute.
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of the built-in fields and their effect in reducing the exciton oscillator strength. Moreover,
while the local environment does not affect optical polarisation significantly, the extent
of fluctuating electric fields around a QD does alter its radiative lifetime (see Figure .
Since these are factors which cannot be easily quantified experimentally, a corresponding
theoretical investigation is not performed. As such, the most important factor of vary-
ing QD size is the only investigation carried out in the collaborative work with Tyndall

National Institute.

The results of this investigation provides both good and bad news for the development of
the a-plane platform in achieving faster radiative recombination lifetimes. Thanks to the
minimisation of the internal fields, the attractive Coulomb effects between the electrons
and holes dominate over the residual fields. Although these fields change with QD sizes,
their effect on the radiative recombination rate is minimal. Therefore, while the lifetime
of self-assembled c-plane InGaN QDs vary between 1 to 10ns, it is possible to achieve
consistently fast sub-nanosecond lifetimes with a-plane QDs. The non-zero fluctuation of
a-plane lifetimes should be caused by both the minimised residual fields and the difference
in their local environments. However, this finding does mean that the fabrication of ultra-
small a-plane QD via future development of nanoscale engineering would be less useful to
reduce the lifetime further, although it could bring about other advantages such as greater
confinement and emission intensity. The only other options to achieve even faster lifetimes
would be the introduction of external fields or fabrication of samples with fewer carrier

trapping sites, the latter of which will be explained in detail in the next chapter.

3.4 Emission of single photons

3.4.1 First evidence of antibunching

The basic theory of HBT measurements and the detail setup used has been explained in
Sections and respectively. With all the guidelines described, the sharp peak in
Figure should be an ideal candidate for HBT autocorrelation experiments. A pair
of bandpass filters have been used to select a spectral window that contains the highest

perceivable QD-to-QW ratio, while retaining the strong emission intensity as much as
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Figure 3.10: A high-intensity single a-plane InGaN QD used for HBT experimen-
tation. Both the original and filtered spectra are shown for a comparison of their intensity and
contribution of background QW. A Gaussian best fit of the filtered spectrum is also displayed
to show the likely contribution of QD emission. Due to imperfect bandpass filter profiles,

there is greater QW contribution at the longer wavelength side of the filtered spectrum.

possible. As shown in filtered spectrum in Figure the peak intensity of the PL
decreased by ~ 20%, but most of the QW emission outside the QD’s emission wavelength
range has been blocked. Nonetheless, as the profiles of the bandpass filters are not exact
boxcar functions (see Figurein Chapter, the emission from those wavelengths cannot
be blocked completely. Furthermore, the slope of the filter profile is steeper in the shorter
wavelength end, but less so as the wavelength increases. This results in a greater amount
of QW emission at the longer wavelength tail of the QD, as shown by the Gaussian fit
for the filtered spectrum in the figure. However, the sharp emission is still dominating
the filtered spectrum, and should therefore produce a g(2)(0) of less than 1 in the photon

statistics.

The filtered signal was directed to the HBT setup for a data acquisition period of 1 hour,
and the photon statistics results are shown in Figure [3.11] All peak coincidences occur

at multiples of ~ 13ns, which is the excitation pulse interval of the 76 MHz repetition-
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Figure 3.11: Photo autocorrelation data from a single a-plane InGalN QD. Raw
HBT data of the filtered sharp peak in Figure[3.10] without any form of background reduction
or correction. All 7 peaks have been normalised by a factor of 516.3, which is the mean of all
recorded peak coincidence counts away from time zero. A raw ¢(®(0) of 0.47 (< 0.5) confirms

that the sharp peak in Figure @ is emitting as a single-photon source.

rate Ti:Sapphire laser. The average count of all peaks with non-zero delays is 516.3,
and the peak coincidence at time zero is 244, giving a raw ¢(®(0) of 0.47 without any
form of background correction. As explained in Section since this ¢(®(0) is < 0.5,
antibunching with a greater probability of single- than multi-photon generation is achieved.
The HBT result in Figure [3.11] thus confirms the ability of a-plane InGaN QDs to generate
single photons. With direct evidence of the presence of a single quantum emitter, there
is also much greater confidence in claiming that the nanostructure producing the sharp

peak in the spectrum of Figure [3.10] originates from a single InGaN QD.

3.4.2 Background estimation

It is non-trivial to directly analyse the wavelength-dependent profile of the bandpass filters,
and quantify its effect on the QD spectrum. In this case, a workaround is used to estimate

the proportion of QW and QD intensities. Firstly, a Gaussian best fit is performed on the
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unfiltered QD spectrum, and a background level of 753 cts/s is obtained. After filtering,
the peak intensity of the QD decreased from 4400 to 3585cts/s. Therefore, the QW
intensity at the same wavelength (i.e. near the centre wavelength of the QD) should be
decreased proportionately, to 614 cts/s. In this case, if the count rate registered by a
particular CCD pixel is greater than 614 cts/s, their difference would have originated from
the QD. For instance, the peak QD count rate is 3578 cts/s, indicating that approximately
2964 photons per second should arise from the QD emission at this pixel. If the count

rate is lower than 614, the photons should arise from the QW.

With this method, a total of 9003 cts/s is estimated to have originated from the QD. The
total count rate across the filtered spectrum, which is also the total PL intensity directed to
the HBT setup, is 16766 cts/s. Therefore, the dot-to-total-intensity ratio p is 54%. Other
methods, which involve the calculation of the area under a fitted Gaussian and estimation
of the area of the background QW, have also been attempted and a similar result can
be obtained. However, it is still important to note that the several assumptions have
been made in this estimation, such as the level of background QW, and the proportion of
QW intensity decrease after filtering. While useful, a more precise background estimation
cannot be obtained in this setting. Nonetheless, the estimated p of 54% for the QD
emission should be accurate enough for understanding the approximate contribution of

single and non-single photons in the experiment.

3.4.3 Conventional background correction and limitations

Since sources of unwanted background are often present in most single-photon experiments,
researchers have proposed a commonly used method [54} Q9] 112} T13] to correct the effect
of the background and to obtain a true g(® (0)value. The corrected result should therefore
be useful to understand the performance of the single-photon source itself. In the following

equation,

1-¢2(0
W() =’ (3.7)
1 — geor (0)

the value of g(2)(0) is used in conjunction with p, which again is the ratio between the

raw

intensity of the QD and the total intensity, to estimate a corrected g(2(0). The rationale
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of Equation is a phenomenological one. The HBT dip of an imperfect single-photon
source with background signal is given by 1 — gr(fv)v(O), and the equivalent of this imperfect
quantum light source without background is 1 — g{2)(0). It was proposed that the ratio of
the two dips, both of which are caused by the presence of the single photons, should be
proportional to the square of the ratio between the intensity of the single quantum emitter
to the total intensity. In other words, the ¢(2)(0) should approach g?)(0) as p approaches

cor

1.

While Equation is frequently used in the literature [54} [99] 112), 113], researchers do not
tend to use the obtained ggfr) (0) values to indicate the true performance of single-photon

sources. Rather, it should only be used as a guideline to understand the approximate

contribution of the background in the HBT experiments. The reasons are as follows:

1. The correction formula does not have a strong quantitative basis. Although the
qualitative trend of the HBT dip change with p is correct, the amount of change has

not been rigorously derived for Equation

2. Drastic changes in ¢/2)(0) are produced with small changes in p. In estimating the

cor

single-photon intensity ratio, there will most likely be sources of error that cannot be
minimised further. However, in many cases, a 10% change in p could result in a 50%
difference in g{2)(0), which is clearly not physical. As such, it is easy to introduce a
small source of imprecision in the estimation of p and produce a much higher/lower
92 (0). Hence, g)(0) calculated from Equation should not be used as a reliable

cor cor

benchmark for the purity of the single-photon source.

3. In numerous cases, including the analysis of HBT results of a- and m-plane InGaN
QDs, a negative g(?)(0) value is obtained with Equation even when p has been
estimated within reasonable accuracies. For example, with p estimated as 54% for
the QD in Figure and a g2 (0) of 0.47, a g)(0) of —0.84 is produced. Even if

raw cor

a +10% error is considered for the estimated p, the ¢{2)(0) still ranges between —1.7
and —0.29. Although p is obtained with some degrees of imprecision, as noted in the
previous section, it should still be a reasonably close estimate for the studied QD.

The results produced by Equation [3.7] is thus highly unphysical in this situation.
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Similar situations also occurred for the analyses of several other sets of HBT results,

for both a- and m-plane InGaN/GaN QDs.

3.4.4 An alternative background correction method

The main source of error in Equation originates from the treatment of the HBT
dip. In an autocorrelation experiment, the dip is not directly recorded. Instead, it is
the coincidence events that are directly accumulated at each delay time. As explained
previously, the recording of an event in the HBT setup is proportional to the square of
the detected intensity. An experimental ¢(?)(0) measurement is not a direct measurement
of the dip, but of the peak at time zero. Empirically, the relationship of

12

(2) 0 ~ non-single 38
g ( ) (Isingle + Inon—single)2 ( )

should be a correct estimation. Again, this is not an analytical expression of the second-
order autocorrelation function, but a semi-empirical model of the function’s value at zero
delay. The value of I, qng. contains both the emission from the background, and from
the imperfect single quantum light source itself when it does not to emit single photons.

Therefore, the expression 1—g(2) (0) in Equationdoes not have a clear physical meaning,

raw

and cannot be used to represent the extent of an HBT dip or relative intensity of the single-

photon source. In this case, I propose a modification of Equation to the form of

1-— \/gr(aQV)V(O) | (3.9)

1— /g2 (0)

In Equation the expression 1— gr(“?v?/ (0) should now represent the normalised intensity
of the emitted single photons (see Equation [3.8]). Following the same rationale as Equation

the ratio is thus a better indication of the comparison of HBT dips. In order to prove

cor

the validity of Equation as an estimation of ¢(2)(0), I provide the following derivation.

The intensity of non-single-photon emission should have contribution from both the im-

perfect single-photon source, I,onsingesps, and the background (e.g. QW in the case of
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nitride QDs), Izg. Together, they should be responsible for the non-zero peak at time

zero in a photon statistics measurement. As such, ¢{2)(0) can be expressed as

raw

g(2)( ) — Il?on»single _ (Inon—single,SPS + IBG)2 ) (310)
o It20ta1 (Inon-single,SPS + Isingle,SPS + IBG)2

On the other hand, the g{) (0) value should be a measurement of the purity of the imperfect

single-photon source itself, without the contamination of background, as indicated by

) I2 I?

2 __ " non-single,SPS non-single,SPS

g2(0) = =3 =77 7 . (3.11)
SPS ( non-single,SPS + singlc,SPS)

At this stage, it is worth noting that the signal-to-total-intensity ratio p cannot incorporate
Lon-singie sps- It can only distinguish intensities between the single-photon source and the

background, as shown in

— ISPS — Inon-single,SPS + Isingle,SPS (3 12)

Itotal Inon—single,SPS + Isingle,SPS + IBG .
The subtle differences in the subscripts between these intensities should be noted, espe-
cially in the numerators in Equation [3.10] and [3.12] Rearrangement of Equation [3.12] for

I and substitution into Equation yield

Inon—sin e
ﬁﬁm):I 9eSPS 11— p. (3.13)

non-single,SPS + Isingle,SPS

Combined with Equation the following relationship between ¢(2)(0), g2 (0), and p is

cor

obtained.

(2)
1 - graw(o)
920) = o20) +p— 1= = (3.14)
]- - gcor (0)

An arrangement of Equation [3.14] leads to the originally proposed Equation [3.9, demon-

strating its theoretical foundation.

This new formula is hence used to analyse the HBT results presented in Section[3.4.1] With

(0) of 0.47, a ¢'?)(0) value of 0.17 is obtained. Assuming a

cor

p estimated as 54% and a ¢(2)

raw

+10% (p values of 44% and 64%) error, the ¢(?)(0) values are also between 0.08 and 0.26.
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Hence, these corrected results are much more physical than the negative values obtained

with the conventional method.

By analysing from the origin of recording coincidences in an HBT setup, an improved
background correction method is obtained. In this case, the corrected values do have
stronger scientific backgrounds. However, in the interest of developing a single-photon
platform, the ¢(2)(0) values are still the most important benchmarks. After all, the cor-
rected result is not directly generated from the system, and is thus less meaningful as
a performance metric. Theoretically and ideally, all single-photon sources recorded with
absolutely zero background contamination, resonantly excited with the most optimal pa-
rameters should have a ¢®)(0) of 0. Nonetheless, the new ¢(?)(0) values can be used to
more accurately analyse the impure signals from a single-photon emitter. In the a-plane
InGaN QD investigated here, the corrected ¢(®)(0) is 0.17 and still not very close to 0.
As investigated in Section the radiative lifetimes of a-plane QDs are around 300 ps,
similar to those reported in ultra-small dot-in-nanowire GaN systems [97]. With such a
fast radiative recombination rate, repopulation of a dot-related continuum of states has a
higher probability to occur. The subsequent emission from these states contaminates the
generation of single photons, resulting in higher ¢(®)(0) values measured [25, 97, [112]. This

could also be the reason why no ¢(2) (0) values of < 0.3 have been measured in a-plane QDs

raw

yet, even with much weaker background QW emissions. This issue could be minimised by

resonant excitation, which has not been successfully developed yet at the time of writing.

It is also worth noting that although the reason above might have caused a non-zero
g(gfr) (0) of 0.17, the presence of QW emission is still mainly responsible for the much higher
raw ¢(2)(0) of 0.47. Reports in the literature has shown that by using weaker powers of
excitation, fewer QW states will be excited, resulting in cleaner single-photon emission
[127]. Due to the limited brightness of the QDs and feasibility of HBT experiments,
saturation power has been used in all autocorrelation studies. As the brightness of the
QD depends on the quality of the sample, it is important to develop QD samples with both
higher dot density and emission intensity. In this way, there would be a greater probability

to identify QDs that are both spectrally isolated and strongly emitting, thereby allowing
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weaker excitation powers to be used, and potentially producing in g(Q)(O) values closer to

Zero.

3.5 Chapter summary

At the present stage, only self-assembled growth of a-plane InGaN QDs can be achieved.
The stochastic process introduces random variations of QD size, geometry, and material
composition, which could cause different orbital contributions to the hole ground state,
thus affecting the polarisation of emission. These variations could also result in different
amounts of residual fields, affecting the radiative recombination rate of the QDs. Com-
bined with theoretical work from Tyndall National Institute, our experimental results have
demonstrated that the intrinsic polarisation of the a-plane material is able to overcome
the polarisation changes caused by these physical and compositional fluctuations, and
the attractive Coulomb interactions mitigate most of the differences in oscillator strength
caused by variations in size and residual fields. As a result, the a-plane QD system is not
only able to produce a statistical average polarisation degree of 0.90, with a deterministic
axis along either the crystal ¢- or m-direction, but also radiative lifetimes ranging from

200 to 600 ps.

Having fast lifetimes is an indication of an order of magnitude reduction in the built-in
fields from conventional c-plane platforms. Nonetheless, it is still beneficial to aim for
even faster radiative lifetimes, so as to achieve higher repetition rate of these polarised
single-photon sources. Given the insensitivity of a-plane QD exciton oscillator strength to
physical size differences, the development of ultra-small QDs might not be able to increase
its radiative decay rate further. On the other hand, the growth of QD within a cleaner
local environment—with minimised number of carrier trapping sites as Q2T samples—
does have the potential to reduce the residual fields even further. The effectiveness of the
Q2T routine in reducing the exciton radiative lifetime will be examined in great detail in

the next chapter.

For the first time, direct evidence of single-photon generation in a-plane QDs has been
achieved via HBT experiments. A recorded raw ¢(®(0) of less than 0.5 without any back-

ground correction indicates a greater probability of single- than multi-photon emission.
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The positive result of the HBT experiment has confirmed that the identity of the sharp
emission peak in the spectrum is indeed the signature of a single-photon emitting QD,
and is a major milestone in the collaborative development of a-plane InGaN QD platform.
The limitations of a background correction technique in the literature have also been eval-
uated, and an improved method has been proposed to produce more physical and realistic

estimations of the true ¢(®(0) values.
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Impact of growth on optical

properties

4.1 Chapter introduction

After the discussion of low-temperature optical characteristics of a-plane InGaN/GaN
QDs, this chapter provides a review of the differences in their optical properties caused
by two of the major growth methods. The details of these methods—modified droplet
epitaxy and quasi-two-temperature routine—have been discussed in detail in Section
As explained multiple times so far in this work, advances in growth have been the key factor
from making the first single-photon emitting a-plane InGaN QDs to alleviating current
issues of their optical performance. This chapter first investigates the characteristics of PL
emission and polarisation-controlled antibunching of the Q2T QDs, and contrasts them
to their MDE counterparts, highlighting the trade-off made in introducing a heavier QW
reliance of dot formation. Subsequently, the benefits of the resultant InGaN epilayer are
quantified in areas of slow-timescale spectral diffusion, radiative recombination lifetime,
and high-temperature operation stability. Lastly, the importance of using both MDE and

Q2T QDs for the development of the a-plane platform is discussed.
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4.2 QD emission and polarised antibunching

4.2.1 QD and background QW

Two typical QDs are chosen from the Q2T and MDE samples respectively for pPL studies,
and their spectra are shown in Figure Unlike the previous 2T development [121]
mentioned in Section[2.2.1] the best of the improved Q2T samples contains QDs that emit
almost as strongly as average MDE ones, albeit with lower dot densities. Gaussian profiles
have been used in the figure to model both studied QDs and their QW backgrounds, as
guides to the possible contributions of the full uPL spectra. Without a rigorous calculation,
it is already clear that the Q2T QD is spectrally sitting on top of a much stronger QW
emission than the MDE one. Estimations using count rates per CCD pixel—same as the
method used in Section [3.4.2—across the QD spectral window yield dot-to-total-intensity
ratios of 42.8% and 77.7% for the Q2T and MDE QDs respectively. The additional quantity
of carrier-generating material and the undisrupted morphology result in stronger QW
emission in the Q2T sample. This is especially pronounced in puPL experiments, because

the same 1 pm laser spot is more likely to excite more optically active InGaN material in
the Q2T sample (see Figure [2.1in Section [2.2.2)).

Spectral separation the QD and QW is highly desirable in both the study and development
of a nitride QD platform. Although the formation of dots for both growth methods is
reliant on the underlying QWs, the differences in their mechanisms make it more difficult

to identify spectrally isolated QDs in Q2T samples. There are two possible reasons:

1. Ideally, a spatially standalone QD should emit without any contamination from
background QWs. The SK-like island formation in the Q2T routine requires presence
of underlying QW, whereas the metallic droplet formation in MDE relies more on
decomposed QW and strain fields in the epilayer. Therefore, while the possibility of
standalone MDE QDs is low in both cases, it would be highly unlikely to have Q2T

QDs spatially separated from its underlying QW.

2. Due to the heavily disrupted epilayer in MDE samples, not all pieces of fragmented

QWs captured by the 1 um laser spot are emitting. For those that are emitting,
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Figure 4.1: uPL spectra for polarised QD emitters in Q2T and MDE samples. The
emission of QDs and their underlying QWs are fitted with Gaussian distributions as guides
to the eye, demonstrating stronger QW emission in the Q2T samples. Inset: normalised QD

intensity with polariser angle, fitted with Malus’s law described in Equation @

their strengths should be weaker. As such, it is more likely to see a continuous
spectrum of QW emission that spans over a large wavelength range in a Q2T sample.
Under a broader background emission, it is thus more difficult to observe spectrally
isolated QDs. Therefore, while the new growth routine provides potential benefits
in optical performance with fewer carrier trapping sites, Q2T QDs have lower dot-
to-background ratios than the original MDE ones. The stronger background QW
emission will adversely affect the purity of single-photon emission more severely, as

will be discussed in greater detail in the following sections.

4.2.2 Polarisation degree and angle

Polarisation-resolved puPL experiment was conducted on the studied Q2T QD in Figure
with the 0° marking of the polariser parallel to the m-axis. Gradual intensity decreases

were observed as the polariser was rotated away from 0°. The measured peak intensities
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at 10° intervals over a full 360° cycle have been recorded and normalised as described in
Section and shown in the inset of Figure These data have also been fitted with
Equation [3.2] confirming their agreement with Malus’s law of polarisation. The main axis
of the polar plot is also aligned to 0°, with ¢ < 5°, due to errors of manual placement of
the sample in the cryostat. Calculation of the polarisation degree yields a P of 0.92+0.05,
which is coincidentally the same as result at that obtained for the MDE QD previously.
Therefore, the studied Q2T QD exhibits an MDE-like high polarisation degree with a fixed

axis along the crystal m-direction.

However, as previously explained, Q2T QDs exhibit a bimodal size distribution (see Figure
and therefore much larger dimension variation than MDE ones. In the last chapter,
we have concluded that a-plane InGaN QDs are highly insensitive to these differences
in geometry and size, as the effect of the polarisation anisotropy built into the a-plane
material itself is much more dominant. As such, this conclusion is expected to be re-

confirmed with Q2T QDs, despite their greater size variations.

Based on the DOLP calculation of 50 QDs from each sample shown in Figure[1.2] Gaussian
distributions with means of 0.88 £ 0.08 and 0.87 £ 0.09 have been obtained for Q2T and
MDE QDs respectively. First of all, the MDE polarisation results agree very well with our
investigations detailed in Section [3.2.4] where a mean of 0.90 + 0.08 has been found with
180 randomly selected MDE QDs. In the Q2T case, although much larger variations in
QD size exist due to its bimodal distribution, the polarisation degrees are not significantly
affected, yielding similarly high average DOLPs across the sample. This finding again
re-confirms that the polarisation anisotropy built into the a-plane material itself is able
to overcome the effects of size variations, even in the more drastic case of a bimodal

distribution with potentially 10-fold different physical dimensions.

Within a 10° error, there is no significant difference in polarisation angle either. Most QDs
are polarised along the crystal m-direction, with < 10% exception along the c-direction as
expected. Further experiments with exact calculations of the polarisation angle would be
needed to ascertain if there is a difference between the two types of QDs. Such experimen-
tations would require a fully automated polarisation data acquisition system, in order to

be more feasibly and efficiently carried out. Due to time constraints and the unavailability
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Figure 4.2: Comparison of polarisation degrees of Q2T and MDE a-plane InGalN
QDs with statistical significance. A random selection of 50 Q2T and 50 MDE QDs has
been made, and their DOLPs measured and shown in the scatter plot. Gaussian distributions
have been fitted to both results, yielding near identical means and standard deviations. This
statistical study indicates that there are no differences in optical polarisation properties for

QDs grown by both methods.

of the said automatic system at the time, these experiments were not performed. While
such investigations would be interesting for clarifying minute (< 10°) differences in the
polarisation angles between these growth methods, the current results are sufficient to
demonstrate that Q2T QDs are equally good quantum emitters with high average DOLPs
mostly aligned along the crystal m-axis, and are thus useful for the development of the

a-plane InGaN QD platform.

4.2.3 Antibunching and single-photon purity

As one of the most important goals in developing the a-plane platform, the ability to emit
single photons has been tested against the newly developed Q2T QDs. Although Q2T

samples with nanopillar enhancement have much stronger emission than the original 2T
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Figure 4.3: Comparison of single-photon antibunching from the pair of Q2T (top)
and MDE (bottom) a-plane InGaN QDs shown in Figure The uncorrected raw
g (0) values demonstrate greater amount of undesired QW emission in the Q2T sample. The

smaller number of total coincidences for the Q2T QD is due to the relatively weaker emission.

ones, their dot density and brightness are still not comparable to typical MDE ones, as
explained previously. Therefore, it is relatively less challenging in the MDE sample to find
QDs with > 1000 cts/s in the same pPL system, which would expedite HBT experiments.
While autocorrelation measurements have been performed on several candidates across a
few Q2T samples, the QD shown in Figure produced the lowest raw g(Q)(O) of 0.62.
The studied MDE QD in Figure yielded a raw ¢()(0) of 0.39, similar values of which
can be consistently obtained in MDE samples, such as that in Section [3.4.1] The HBT

autocorrelation results of both QDs are shown in Figure

Even with tuneable bandpass filters restricting the range of emission energies across the

spectra, the stronger background QW emission in the same wavelength range as the Q2T
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QD introduces more undesired signals in the HBT experiments. Having an intrinsically
poorer dot-to-background ratio, the ¢ (0) of the Q2T QD is significantly higher than the
MDE one. With p of 42.8% and 77.7% and Equation proposed in the last chapter,
the corrected g(®(0) becomes 0.25 and 0.27 for the Q2T and MDE QDs respectively.
These values are very similar, implying that the QDs are indeed emitting as imperfect
single-photon sources with signals from their underlying QW. As explained in Section
the reason for the high non-zero corrected ¢ (0) should be attributed to the rapid
repopulation of dot-relation states, and the subsequent re-emission from them. The larger
corrected values than that of the QD evaluated in Section could be caused by the
use of even higher laser excitation powers [127]. Since both of the QDs shown in Figure
are less strongly emitting than that in Figure [3.10] a power slightly larger than their
perceived saturation level was used so as to improve the feasibility of the HBT experiments.
Nonetheless, a comparison of the raw and corrected g(g)(O) results confirms the adverse
effects in achieving purer single-photon emission with Q2T QDs. At the moment, under
pulsed laser excitation, no raw g(2) (0) of < 0.5 has been achieved in a Q2T sample, while

g?(0) between 0.3 and 0.5 can be obtained with MDE QDs.

In order to attempt reducing the dot-to-background ratio in Q2T samples, the thickness
of the underlying QW epilayer could be reduced so as to decrease the total number of
available carrier-generating material. However, a reduction of epilayer thickness from the
optimal 16 monolayers also adversely affect the dot formation. Several Q2T samples with
an epilayer thickness of 0.5, 2, 4, and 6 ML have been fabricated in Cambridge, and their
optical performance tested in the same optical system. At 0.5 and 2 ML, the resultant
nanostructures were not able to show characteristic QD emission under the same excitation
conditions. The thinnest QW with which QD emission can still be observed is 4 ML.
However, with a 75% reduction of the epilayer thickness, the probability of metallic island
formation has also decreased significantly. As a result, there is approximately an order of
magnitude drop of dot density compared to the original Q2T samples with 16 ML InGaN
epilayers, which already have lower dot densities than MDE ones. Further compounding
the problem is the reduction of emission intensity across the sample. Optical activity

depends on the quality of the resultant nanostructures. The InGaN material quality for
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Figure 4.4: yPL from a Q2T QD with 75% reduced epilayer thickness. Dot-to-
background ratio has been significantly improved, while the QD intensity has decreased dras-
tically compared to previous Q2T QDs with 16-monolayer InGaN QW. There is no observed

narrowing of linewidth after epilayer thickness reduction.

the Q2T routine is optimal at 16 ML, and thus the sample emissivity (both QD and QW) is
much lower 4 ML. These problems make finding characteristic sharp emission peaks much

more difficult.

However, when a QD is found, its dot-to-background ratio is indeed improved significantly
compared to 16 ML Q2T ones. An example of a Q2T QD with a 4 ML underlying QW
is shown in Figure with a ratio of 90.2% between the dot signal and total intensity.
This value is representative of the several QDs identified in the 4 ML sample, and is indeed
much higher compared to the 42.8% and 77.7% of the Q2T and MDE QDs in Figure
In terms of brightness, the QD only has a peak intensity of < 50cts/s under the same

excitation power, thus making autocorrelation experiments less feasible to perform.

As such, further improvement of the Q2T method would still be required to induce more
effective island formation on a 4 ML epilayer. Nonetheless, it is important to realise that

single-photon emission is not the only purpose of the development of the a-plane QD plat-
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form. Investigations of high-temperature QD photophysics, elucidation and improvement
of other QD optical properties are equally important. These could benefit much more
from the development of the Q2T method, and will be explained in the following sections.
At the moment, the 16 ML samples are still the best balance of emission brightness, dot

density, and signal-to-noise ratio for the investigation of these topics.

For instance, even with significantly reduced background QW carriers, the linewidth of
the studied QD in Figure (1.42 £ 0.09 meV) is still not small, noting that the average
InGaN QD linewidth is ~ 1meV [28] [182] and that of typical a-plane ones can often be
< 1meV (see Figure[2.5and Section[2.3.3). As linewidth is a measure of the fast-timescale
spectral diffusion caused by carriers in the QW, the development of Q2T QDs thus opens
up the need for further discussion and elucidation of the nature of linewidth measurement

in a uPL experiment.

4.3 Spectral diffusion

4.3.1 Linewidth and fast-timescale spectral diffusion

As explained in Section [2.3.3] the true linewidth of a QD exciton transition is Fourier-
limited by its radiative lifetime. However, due to carriers in the vicinity of a QD, the
instantaneous electric fields cause the QD exciton transition energy to undergo fluctua-
tions. These spectral diffusions can happen at a slow (~ms to s) or a fast (~ns) rate [134].
The spectra recorded with an acquisition time of 0.5 to 1s would thus not be able to
determine the energy shifts of the fast-timescale spectral diffusion, resulting in a dataset
accumulated with many nanosecond-scale ones at fluctuating energies [136, [183, [184].
Therefore, the observed linewidth of a 1s QD spectrum is a measure of the degree of its

fast-timescale spectral diffusion.

The origin of spectral diffusion of this type is the itinerant carriers in the nearby material
[134]. In the case of both Q2T and MDE QDs, the laser excitation is below the GaN band
gap, and directly into the InGaN QW. As mentioned earlier, the underlying QW in Q2T

samples are less disrupted and contain more carriers than MDE ones. It would prima facie
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Figure 4.5: Comparison of exciton linewidth of Q2T and MDE a-plane InGalN QDs
with statistical significance. A random selection of 229 Q2T and 265 MDE QDs has been
made, and their linewidths measured and shown in the scatter plot. Gaussian distributions
have been fitted to both results, yielding near identical means and standard deviations. This
statistical study indicates that there are no significant differences in linewidth, and thus fast-

timescale spectral diffusion, for QDs grown by either methods.

suggest that the linewidth of Q2T QDs might be narrower. However, this should not be

the case for the following two reasons:

1. Due to the reliance on QW in dot formation in both methods, itinerant carriers will
always be present in the vicinity of both Q2T and MDE QDs. The difference should
be in the frequency of presence of these itinerant carriers in the QW at a nanosecond
scale. According to the QW spectra in Figure the frequency (also manifested in
the QW intensity) could be at most a few times higher in a Q2T sample, but not a

few orders of magnitude higher.

2. With an acquisition time of 1s, there should be an accumulation of 107 to 10° num-

ber of nanosecond-scale dataset affected by fast-timescale spectral diffusion. The

82



4.3. SPECTRAL DIFFUSION

extent of each individual nanosecond-scale energy change caused by the itinerant
carriers is limited and has a finite range of possibilities. This range should be fully
covered by 107 accumulations, and the linewidth should not increase infinitely (ne-
glecting slow-timescale spectral diffusion and other variables) with a greater number
of accumulations. Thus, even though itinerant carriers are appearing with frequen-
cies a few times different between Q2T and MDE samples, the final result should be

similar due to the much larger numbers of accumulations.

In order to confirm this argument, another statistical investigation of the linewidths of
QDs grown with both Q2T and MDE methods has been conducted. From a total of
100 puPL spectra obtained at random locations of each sample, all QDs contained in the
spectra were studied without selection bias. As a result, the linewidths of 229 Q2T and
265 MDE QDs have been measured and the results displayed in Figure 4.5 The slightly
larger number of MDE QDs is due to the greater dot density of the sample. All results

were obtained at the same temperature of 4.7 K under the same excitation power.

The linewidths for both Q2T and MDE QDs lie in the range of ~ 0.3 to 3meV. It is
important to note that the intrinsic differences in size, shape, and material contents not
only affect the inhomogeneous broadening of the QDs, but also the extent of interaction
with the instantaneous electric fields caused by itinerant QW carriers, i.e. the degree
of fast-timescale spectral diffusion. As such, due to the stochastic self-assembly process,
these physical differences result in the span of linewidth values. Statistical calculations
yield means with standard errors of 892 + 16 ueV for the Q2T QDs’ linewidths, and
932 + 15 eV for their MDE counterparts. These results are very similar, and a Student’s
t-test further determines that their small difference should be within the statistical error of
variation. Therefore, despite having greater numbers of carriers in the QW, the linewidths

of Q2T QDs do not differ significantly from those of MDE ones.

However, although the extent of each instance of fast-timescale spectral diffusion has been
combined over > 107 accumulations in a 1s uPL spectrum, it is still crucial to understand
the actual characteristic spectral diffusion time and attempt to suppress the degree of
fast-timescale spectral diffusion. The only successful method so far has been the use of

photon autocorrelation measurements to calculate the characteristic rate of fast-timescale
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spectral diffusion in high-intensity GaN [I35] and CdSe [185] [186l [187] systems. Such
measurements have not yet been successful in the a-plane InGaN system, due to the limited
emission brightness. With further improvement of brightness beyond current MDE and
Q2T samples, it would be important to conduct such investigations to better understand

the nature of the challenge in reducing fast-timescale spectral diffusion of a-plane InGaN

QDs.

4.3.2 Carrier traps and slow-timescale spectral diffusion

Unlike itinerant carriers in the QWs, the cause of slow-timescale spectral diffusion is
mostly attributed to charges trapped in sites near the QDs [134]. These trapped carriers
have much longer presence at a timescale of ms to s, before going through non-radiative
recombination. Therefore, unlike fast-timescale spectral diffusion, these much slower Stark

shifts are observable in puPL studies [I88] with comparable durations of data acquisition.

While the use of Q2T QDs does not suppress the extent of exciton linewidth broadening
induced by fast-timescale spectral diffusion, the much less disrupted epilayer morphology
has a more positive effect in reducing such spectral drifts at a much slower timescale.
As previously discussed, the disruptions to the MDE InGaN epilayer potentially result
in a greater number of carrier trapping sites, which under optical excitation increase the
strength of a locally fluctuating electric field. As such, the strength of the spectral drifts

of MDE QDs at a ms to s timescale should be greater than the Q2T sample.

The pair of QDs studied in Figure would be less ideal for an investigation of spec-
tral diffusion. Although both emitting strongly enough for HBT experiments, they have
dissimilar linewidths and thus potentially different degrees of fast-timescale spectral dif-
fusion. As the relationship between fast- and slow-timescale spectral diffusion is unknown
and non-trivial to establish in a self-assembled system, a new pair of QDs from the Q2T
and MDE samples with similar linewidth should be used to minimise the influence of
fast-timescale spectral diffusion. As shown in Figure these two QDs have very sim-
ilar linewidths of 1.18 (Q2T) and 1.17meV (MDE). They both have a peak intensity of
~ 300cts/s in the same pPL system, emitting at 2.59 (Q2T) and 2.51eV (MDE) respec-

tively. Over a period of 100s, the Q2T PL has much smaller drifts across a 1 nm spectral
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Figure 4.6: Comparison of slow-timescale spectral diffusion of a comparable pair of
Q2T and MDE a-plane InGaN QDs. A 100s pPL mapping with 1s resolution is displayed
together with evolution of QD emission energies over a 10s period at steps of 100 ms. There

is a significant reduction in the extent of slow-timescale spectral diffusion for the studied Q2T

QD.
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Figure 4.7: Statistical comparison of slow-timescale spectral diffusion of Q2T and
MDE a-plane InGalN QDs. The emission energy standard deviations of 10 Q2T and 10
MDE QDs are calculated in the same manner as Figure [4.6] demonstrating that the Q2T QDs

have a smaller average slow-timescale spectral diffusion with a narrower spread of drift values.

window as displayed in the maps of Figure [L.6] In order to quantify the extent of slow-
timescale spectral diffusion, uPL spectra with an acquisition time of 100 ms over a total
period of 10s have been fitted with Gaussian profiles, yielding standard deviations of 17.5
and 70.8 ueV for the Q2T and MDE QDs respectively. From the bottom part of Figure
[4.6] it can be seen that the degree of Stark drifts in the studied MDE QD is indeed much

greater.

In order to confirm this finding, a study of slow-timescale spectral diffusion of 10 Q2T
and 10 MDE QDs has been carried out to gain more insights into the general behaviour of
the two systems. The calculation of standard deviation follows the same method as that
used in Figure [4.6) and the results are displayed in Figure 4.7} It can be seen that the
standard deviations of Q2T QDs’ mission energies are not only smaller, but also cover a
much narrower range. Means of 33.8 £ 13.9 and 97.9 £ 51.6 ueV have been found for the
studied Q2T and MDE QDs respectively. The larger spread of the MDE data could be
attributed to the more varied local environment, due to the random disruptions to the
InGaN epilayer. The 65% reduction thus confirms that these Stark shifts occurring at
slow timescales have indeed been minimised with the development of the Q2T fabrication

method.
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At this stage, it is worth noting that both Q2T and MDE QDs, as InGaN QDs grown along
the non-polar a-plane, have smaller degrees of slow-timescale spectral diffusion compared
to their c-plane counterparts. Literature reports indicate spectral drifts in the range of
120 to 260 peV in c-plane systems [134] with similar MOCVD fabrication methods. This is
due to the minimisation of the built-in fields and the quantum confined Stark effect. Hav-
ing greater electron and hole wavefunction overlap, carriers generated have much shorter
radiative lifetimes, as established in Section Therefore, given the same total number
of carriers, their presence in trapping sites would decrease due to the increased rate of
radiative recombination. Combined with the development of the Q2T method and the re-
duction of carrier traps, a 10-fold decrease in slow-timescale spectral diffusion has now been
achieved, and is the smallest value reported in the InGaN QD literature. Furthermore, the
Q2T emission energy drifts in both Figure [4.6]and are now comparable to state-of-the-
art GaN system reported in the literature (16.4 peV) [I89]. This is in spite of the fact that
an InGaN platform has a greater inclination to form carrier-trapping sites during the in-
dium incorporation stage. In the current a-plane InGaN system with an average linewidth
of ~ 1meV, a slow-timescale spectral diffusion of ~ 30 ueV (3% of 1s linewidth) rather
than ~ 200 pueV (20% of 1s linewidth), studies of bandpass filter-restricted single-photon
generation, power-dependent energy shifts, fine-structure splitting, external field-induced
Stark shifts, and other low-temperature optical and electro-optical properties could be

conducted much more accurately and efficiently.

4.4 Faster radiative lifetime

4.4.1 Carrier traps and oscillator strength

In Section the radiative lifetime of MDE a-plane QDs have been compared to c-
plane ones, confirming the ability of the a-plane platform to generate photons with sub-
nanosecond radiative lifetimes. The discussion also concluded that a-plane QDs are highly
insensitive to variations in its QD sizes, due to the minimisation of built-in fields and
dominance of electron-hole Coulomb interaction over the residual fields. As a result, the

only other method to reduce the lifetime further without using an external electric field
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would be the fabrication of a new sample with significantly decreased number of carrier

traps.

As Figure[3.6)in Chapter [3|shows, the effect of carriers trapped in sites near a QD is similar
to that of the internal fields in polar nitride. These instantaneously trapped charges gen-
erate transient electric fields that spatially separate the electron and hole wavefunctions,
causing a reduction in oscillator strength and radiative recombination rate. Although the
effect of their lifetime changes should be much smaller than that of the built-in fields, a
significant reduction of carrier trapping sites across the sample should result in an observ-
able decrease of the exciton lifetimes. As explained in the previous section, the much less
disrupted epilayer in Q2T samples have fewer local carrier traps, which have already been
shown to result in a reduction in slow-timescale spectral diffusion compared to MDE QDs.
In this section, the radiative lifetime of Q2T QDs will be measured and the difference to
MDE QDs will be quantified. Furthermore, with statistically significant measurement of
the Q2T lifetime, the insensitivity of a-plane QDs to varying physical sizes will also be

tested against the bimodal size distribution of Q2T QDs.

4.4.2 Further reduction of a-plane QD lifetime

Using the same method described in Section [3.3.2] the radiative lifetime of Q2T QDs are
assessed with time-resolved pPL. The TCSPC data of a typical single Q2T QD is shown
in Figure (a). With a reduction of carrier traps in the vicinity of the QD, its radiative
recombination lifetime is expected to be even shorter than the range of 200-600ps for
MDE QDs shown in Figure Therefore, the width of the IRF (~ 140 ps) would have
an even stronger influence on the raw exponential decay data originated from the QD
emission. As such, the use of Equation [3.6—a convolution of the IRF Gaussian with an
exponential decay—is paramount in performing accurate measurement of the radiative
lifetime of Q2T a-plane InGaN QDs. The fitting yields a time constant of 150 4+ 1 ps,
which is one of the lowest lifetimes measured in the a-plane system, and indeed smaller

than the MDE range of 200-600 ps.

In order to ascertain that this single measurement is not merely an outlier data point,

statistically significant investigation of the lifetime of Q2T QDs has been performed. Since
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it is highly non-trivial to quantify the number of carrier traps around each individual QD,
such a statistical study is necessary in determining the average behaviour of QD lifetimes
across the sample. In this case, although the range of MDE QD lifetime has already been
determined in Section only 10 QDs were included in that investigation. These 10
QDs are indeed sufficient to determine the order of magnitude lifetime difference between
c-plane and a-plane QDs, but might not be enough to quantify the potentially much smaller
difference between MDE and Q2T QDs. As such, other than 36 Q2T QDs, another 46 MDE
QDs have also been selected and their lifetime measured as the method described above.
Similar to polarisation studies, these QDs are chosen with minimal selection bias. However,
in order to obtain an accurate TCSPC dataset within a reasonable timeframe, only QDs
with a peak intensity of > 100 cts/s in our uPL system have been included. Otherwise the
sample might either drift out of the laser excitation due to prolonger acquisition periods

(e.g. > 5min) or produce TCSPC data with too much noise for accurate analysis.

The mean of the Q2T QDs shown in Figure4.8(b) with standard error is 173+ 12 ps, which
confirms that the single measurement in Figure (a) is indeed representatitve of QDs in
a Q2T sample. Compared to the MDE mean of 309 & 25 ps, there is a ~ 45% decrease in
the radiative lifetime. As such, the reduced number of carriers trapped around Q2T QDs
does indeed generate weaker transient fields, thereby doubling the oscillator strength of
the exciton transitions. It is also interesting to note that with the larger statistics, the
MDE lifetimes range from 100 to 900 ps, with a majority of the results between 200 to
500 ps. This is in agreement of the finding presented in Section [3.3.2 where a range of 200
to 600 ps is found based on 10 MDE QDs. The spread of the values should be attributed
to the varying local environment of individual QDs. With a heavily disrupted InGaN
epilayer, there could be large deviations of the number of trapping sites around different
QDs, as explained in the previous spectral diffusion section. It is also worth noting that
there are indeed MDE QDs with lifetimes faster than 200 ps, which should be a result
of relatively fewer carrier traps around the particular QDs. However, this fast lifetime
cannot be consistently reproduced due to the large and uncontrollable local environment
variations. On the other hand, the smooth underlying QW in the Q2T sample not only

contains fewer carrier traps, but also results in a smaller deviation in the local environment
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Figure 4.8: Measurement of the radiative recombination lifetime of Q2T a-plane

InGaN QDs.

(a) TCSPC data of a typical Q2T QD, fitted with a Gaussian convolved

with an exponential decay. (b) Statistically significant measurement of the radiative lifetime

of both Q2T and MDE QDs. A total of 36 Q2T and 46 MDE QDs have been selected with

minimal bias. The studied Q2T QDs exhibit a reduction in both mean lifetime and its standard

deviation.
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of a QD. This is evident in the much smaller lifetime range of 50 to 300 ps produced by
the Q2T data.

The insensitivity of a-plane lifetime with varying QD sizes has also been re-confirmed
with this statistical study. The bimodal size distribution of Q2T QDs (see Figure in
Chapter [2|) indicates very large variations of the QD diameter, which has two Gaussian
components with means an order of magnitude different. Base on the results presented in
Figure (a) and discussions therein, these variations would cause an order of magnitude
variation in the radiative lifetimes of c-plane QDs, where the recombination rate decreases
quasi-linearly with increasing QD diameter. For a-plane QDs, an order of magnitude
difference of QD diameter could only result in a ~ 15% difference in radiative lifetime,
based on a linear extrapolation of the simulation result. Given that other properties, such
as the small variation of local environment, QD geometry and indium content, could also
affect the lifetime of a QD, the small fluctuation in Figure (b) is an indication that
the order-of-magnitude difference in Q2T QD sizes does not affect its radiative lifetime

significantly.

The development of the Q2T method has thus managed to decrease the lifetime of a-
plane InGaN QDs even further. The average radiative lifetime of 170 ps is now faster than
the state-of-the-art dot-in-nanowire c-plane GaN platform, where the small size and clean
environment allow the QD excitons to have a ~ 300 ps radiative recombination lifetime [97].
Furthermore, the much cleaner local environment of Q2T a-plane QDs reached lifetimes
faster than 260 ps, which is the average obtained in our m-plane InGaN system with
theoretically weaker residual fields [112]. It is also interesting to note that the radiative
lifetime of Q2T a-plane InGaN QDs is now as fast as self-assembled a-plane GaN QD
system [190], in spite of the 50% smaller emission energy (1 o E2_, see Equation
of InGaN. The lifetime of Q2T could be close to the lowest achievable limit of realistic

self-assembled nitride QD systems.

To create an even cleaner local environment, a site-controlled dot-in-nanowire system
needs to be used in place of the current self-assembled system. In such a situation, the
fabrication of an ultra-small QD at the apex of a thin nanowire would have very little

surrounding material, thus very few carrier trapping sites, resulting in potentially even
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faster radiative lifetimes. Alternatively, according to discussions in Section [3.3] a device
with external electric field injection could also be developed on top of the current self-
assembled system. By tuning the strength of the external field, any fields still present in
the QD could be further minimised. However, the fabrication or characterisation of either
of these two methods would require several years of development, and are thus well beyond
the scope of this thesis. The current progress of the Q2T routine has reached a sweet spot
in balancing the challenge in fabrication and reduction of radiative lifetime, and should
be a good starting point for several directions of further development in exciton lifetime

engineering.

The reduction in local carrier trapping sites have already resulted in an improvement of
both slow-timescale spectral diffusion and radiative recombination lifetime, so that their
performances are among the state-of-the-art in the nitride QD community. However, the
most evident change should be in the thermal stability of emission brightness, which will

be explained in detail in the following section.

4.5 Temperature stability

Thermally assisted carrier escape from QDs and recombination through non-radiative re-
combination pathways are the primary reasons for the quenching of QD emission intensity
at elevated temperatures. As discussed in Chapter [I], the primary incentive for developing
a nitride QD system is the possibility to exploit its large band offsets, which result in much
stronger quantum confinement and more stable operation as temperature increases. While
nitride QDs can generally reach higher operation temperatures than arsenide ones, there
have only been a small number of reports for InGaN [25] 144], 191] or GaN [87, 99] QD
systems operating beyond 200 K. The activation of non-radiative recombination routes in
nitride platforms have undermined their potential to achieve more stable high-temperature
operations. As such, the minimisation of these undesirable carrier escape pathways is the

key in the development of a nitride QD platform.

In the case of MDE a-plane InGaN QDs, while it is easy to observe QD emission at 100 K,

the number of emitting QDs drops drastically as the temperature is increased further.
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It is possible that the disrupted epilayer and increased number of carrier trapping sites
have opened up a significant number of non-radiative recombination pathways, which are
activated upon the introduction of greater amounts of thermal energy. Based on this
analysis, the smooth InGaN epilayer in Q2T samples should contain a markedly decreased
number of non-radiative carrier escape routes. Therefore, it would be more likely for a

Q2T QD to reach higher operation temperatures.

4.5.1 Comparable pair of dots

In order to compare their temperature performance as fairly and accurately as possible, the
two pairs of QDs used in Figure[d.I|and [4.6) are less ideal. For operation at higher tempera-
tures, a strong quantum confinement is needed. Although this property of a self-assembled
QD cannot be evaluated directly, a strong carrier confinement is usually manifested in a
high emission intensity at low temperatures. Moreover, QDs with greater intensities also
allow smaller uncertainties in the data analysis, as they are less affected by the fluctuating
noise signals of the CCD, especially at higher operation temperatures. However, as both
Q2T and MDE QDs are self-assembled ones, their physical and compositional properties
cannot be controlled during growth. As such, an experiment is first conducted with a
strongly emitting Q2T QD. Afterwards, the identification of a closely comparable MDE
QD with similar low-temperature intensity, emission energy, dot-to-background ratio, and

linewidth is attempted before an identical experiment is carried out.

The pair of QDs shown in Figure has peak intensities of ~ 900 cts/s (excluding back-
ground QW signals) at 5K, and very similar linewidths of 2.59 £+ 0.22 (Q2T) and 2.35 &+
0.20meV (MDE) respectively. As such, these QDs have a similar low-temperature inte-
grated intensity, which serves as a good starting point for the investigation of temperature-
induced intensity quenching. The linewidths are also similar within their errors, and lie
in the typical range of 0.3 to 3meV as discussed in Section With comparable
linewidths, the degrees of fast-timescale spectral diffusion are also very close, providing
a good starting point for the comparison of thermally assisted linewidth broadening. In
terms of emission energy, both QDs are spectrally located at the shorter wavelength tail

of their respective QWs. The Q2T QD is emitting at 489 nm and its underlying QW
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Figure 4.9: Comparison of high temperature operation of a comparable pair of
Q2T and MDE ca-plane InGaN QDs. (a) pPL spectra of a Q2T QD at 5 and 200K,
showing QD and QW intensities without normalisation. The Q2T peak at 200 K is still very
discernible despite the effect of thermal quenching. (b) uPL spectra of a comparable MDE
QD at 5 and 190 K, without intensity normalisation. 190K is the highest temperature at
which the QD peak can still be distinguished from the background.
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between 480 and 520 nm, while the MDE QD is emitting at 454nm and its underlying
fQW between 450 and 490 nm. A greater loss of indium occurs during the annealing stage
of the MDE routine, increasing the energy of emission and causing a sample-wide shift
in wavelength towards the bluer end of the spectrum. This can also be observed in the
statistical comparisons presented in previous sections, such as in Figure Similar to
Figure and the Q2T QD has a smaller dot-to-background ratio as expected. With
a similar QD integrated intensity, the difference in dot-to-background ratio is caused by
the stronger QW emission in the Q2T sample. An estimation of the QW integrated in-
tensity yields 6.1 x 10* (Q2T) and 2.5 x 10*cts/s (MDE) respectively. It is important to
note that the identification a strictly comparable pair of QDs with every parameter held
constant is not feasible, if not impossible, in a self-assembled system. Nonetheless, the pair
of QDs in Figure [4.9] are similar in the most important aspects of low-temperature inte-
grated intensity and linewidth, and should thus provide useful results in the investigation

of temperature stability.

The PID temperature controller of the system is increased at 10 K intervals until 200 K
for the Q2T QD and 190K for the MDE one. As explained in the introduction, current
commercial Peltier cooling technologies are able to reach ~ 190 K. This comparison thus
sheds light on the emission properties of the QDs in potential on-chip thermal conditions.
The results presented in Figure [£.9(a) and (b) first confirmed that QDs fabricated via
either routine can operate at Peltier-cooled temperatures. Between these two QDs, the
Q2T one has a better temperature stability, as evident by the relatively stronger emission
even at 200 K. On the other hand, 190 K is the highest temperature at which emission
from the studied MDE QD can still be observed. A redshift is also observed in both Q2T

and MDE QDs, the extents of which are very similar.

4.5.2 Integrated intensity and linewidth

In order to understand the process of thermal quenching in both QDs better, the uPL
spectra at all studied temperatures have been fitted with Gaussian profiles, yielding inte-
grated intensities presented in Figure [f.10(a). At 200K, the brightness of the Q2T QD is
still 12.2% of that at 5 K. Based on the trend of quenching, the studied Q2T QD should
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be emitting at even higher temperatures. However, the QD was unfortunately lost during
further temperature increases and no data at higher temperatures were recorded. The
temperature stability of the Q2T QD can also be seen at T' < 60 K, where the integrated
intensity presents no significant change and stays nearly constant. In contrast, the MDE
QD begins to lose intensity as soon as the temperature is increased beyond 10 K. With a
much greater rate of decrease, the integrated intensity at 190 K for the studied MDE QD
is 0.8% of that at 5 K. As such, the studied Q2T QD has more than an order of magnitude

slower quenching of brightness at elevated temperatures.

The reasons for the distinction between the temperature performance of the studied Q2T
and MDE QDs could be 3-fold. Firstly and most importantly, the greater likelihood in
creating potential minima in the vicinity of the MDE QD is a direct consequence of the
annealing of the underlying QW epilayer. These fluctuations in the energy profile of the
fQW tend to act as carrier trapping sites, and have been identified as the main reason
for greater amounts of slow-timescale spectral diffusion and QD exciton oscillator strength
reduction in the previous two sections. With larger thermal energy at higher temperatures,
carriers in the QD not only possess sufficient energies to surmount the potential barrier
of these trapping sites, but also gain greater mobility to escape into these non-radiative
recombination pathways [27]. Based on the yPL spectra presented in Figure the dot-
to-background ratio of the studied Q2T QD changes from 2.25 at 5K to 0.53 at 200 K.
On the other hand, this ratio for the studied MDE QD changes from 9.01 at 5K to 0.46
at 190 K. The temperature evolution of dot-to-background ratio is an indication of the
change in the proportion of QD and QW emission intensities. The faster decrease of the
MDE QD’s dot-to-background ratio is an indication that the QD’s intensity in decreasing
more rapidly than the underlying QW, signifying a potentially much greater amount of

carrier escape into the surrounding QWs containing more carrier traps.

Another possible reason for the slower intensity quenching of the studied Q2T QD is
stronger quantum confinement. This is also evident in Figure (a) in Chapter |2, where a
population of much smaller Q2T QDs are present compared to MDE ones. Furthermore,
the deeper confinement could also be implied by the longer emission wavelength of the Q2T

QD. With higher indium contents and lower emission energy, the InGaN/GaN band offset
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Figure 4.10: Comparison of the temperature evolution of brightness and linewidth
of a comparable pair of Q2T and MDE a-plane InGaN QDs. (a) Normalised inte-
grated intensity at each temperature for both QDs. The intensities at their highest recorded
temperatures are highlighted, indicating an order of magnitude difference. (b) Linewidth val-
ues at each temperature for both QDs. No clear difference can be observed. The fitted lines

in a both (a) and (b) are included as guides to the eye.
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becomes greater and thus the exciton is confined more deeply. However, it is important
to note that carriers from the QD mainly escape into the local QW (with similarly high
indium compositions), rather than the barrier material. A strong confinement would
result in greater brightness at low temperatures, but not always necessarily at higher
temperatures due to the QD-QW non-radiative decay pathways. Therefore, this reason

does not fully explain the current observations.

Finally, thermally assisted interactions with acoustic phonons increase the probability of
inelastic phonon scattering, which is a source of non-radiative recombination for both
QDs. In order to assess whether there could be a different degree of phonon interaction,
the linewidths at each temperature are extracted from the parameters of the Gaussian best
fits and displayed in Figure b). At this stage, it is worth mentioning that thermally
induced broadening processes can be highly complex for the current QD platform, and
not completely well understood. Nonetheless, coupling with acoustic phonons is a main
source of broadening and contributes significantly to the linewidth at high temperatures
[25, ©99]. A more detailed investigation of temperature-dependent optical properties will
be presented in the next chapter. For the both datasets, the linewidth evolution with
temperature follows very similar trends. The linewidths at the highest temperature of
the Q2T (200K) and MDE (190K) QDs are 16.8 + 0.4 and 17.6 + 1.9 meV respectively.
With a slightly smaller starting linewidth and lower final temperature, the linewidth of
the MDE QD broadens marginally faster than the Q2T one. However, most of the data
are within the errors of each other, and their difference are much less drastic than the
case of intensity decay. As such, the extent of phonon interactions is similar in both Q2T
and MDE QDs, and should not cause a large difference in inelastic phonon scattering.
This finding is not completely unexpected, as the coupling strength to acoustic phonons is
more related to the intrinsic symmetry of the material rather than the local environment
of a QD [27]. For example, the acoustic phonon coupling strength of c-plane InGaN QDs
is much larger than that of a-plane ones, due to potentially stronger associations of the

built-in piezoelectric fields with transverse acoustic phonons [192].

All in all, similar to the reduction of radiative lifetime and slow-timescale spectral diffusion,

the much smaller number of carrier traps in Q2T samples form fewer non-radiative decay
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pathways in the QWs, thereby decreasing the amount of carrier escape from the QDs
and increasing their temperature stability. However, this does not immediately mean that
current Q2T samples are better than MDE ones in the pursuit of temperature-dependent
studies. As explained previously, the overall average emission intensity and dot density of
the Q2T QDs are still lower than typical MDE ones. Under comparable situations, such
as the pair of QDs in Figure a Q2T QD might perform better at higher temperatures.
In reality, a QD with ~ 1000cts/s in a Q2T sample is as rare as an MDE one with
~ 5000 cts/s, and is extremely hard to come by during the scanning of QDs in a uPL
experiment. On the other hand, the identification of an MDE QD with ~ 1000 cts/s is
relatively straightforward in a good sample. Furthermore, the temperature performance
difference between MDE and Q2T QDs is only evaluated with one pair of comparable
QDs. Larger statistics are needed to ascertain this difference with greater confidence and
to quantify it with higher precision, but are currently not feasible due to time constraints of
such experiments. Therefore, MDE QDs with a larger integrated intensity and potentially
stronger confinement could result in equally stable temperature operation as that shown
for the Q2T one in Figure (a). Coupled with much larger dot-to-background ratios,
strongly emitting MDE QDs should still be the primary candidate for the investigation
of high-temperature single-photon emission. Although unsuitable for HBT experiments,
Q2T QDs with potentially greater thermal stability would be useful in the study of other
optical properties at higher temperatures, and effectively compliment MDE QDs in the

elucidation of their high-temperature photophysics.

4.6 Chapter summary

The development of the Q2T method as an improved MOCVD growth technique for a-
plane InGaN QDs introduces significant changes in the resultant underlying InGaN epilay-
ers. On the one hand, the absence of an annealing process allows much fewer disruptions
in the InGaN QW, resulting in a marked reduction in potential minima, carrier traps,
and non-radiative decay sites. On the other hand, the formation of dots is more reliant
on the underlying InGaN layer, whose structural integrity increases the strength of the

QW emission. Due to these changes, improvements in the rate of radiative recombination
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lifetime, slow-timescale spectral diffusion, and temperature stability have been seen, while
a decrease of sing-photon purity has also been observed. The linewidth, fast-timescale

spectral diffusion, and optical polarisation properties remain unaffected.

The development of the Q2T method is not meant to be an end, but an intermediate
stage that paves the way for better a-plane InGaN QD samples and devices in the future.
Although pure single-photon emission cannot be achieved with Q2T QDs, their relative
insensitivity to high thermal energies and small spectral Stark drifts could facilitate the
study of the high-temperature photophysics of nitride QDs up to the regime of on-chip
Peltier cooling. With the identification of excessively high QW emission intensities, the
direction of further development is also clear. Initial results already demonstrate Q2T
QDs with high dot-to-background ratios. At the moment, QDs grown with Q2T and
MDE have different advantages and disadvantages, and one does not supplant the other.
Both methods are also under intense development to tackle their specific areas of weakness.
As such, Q2T QDs should be used to study temperature-related properties where single-
photon emission is not required, but a minimised emission energy fluctuation is need, such
as fine-structure splitting. Moreover, Q2T QDs could also be used for structures where
carrier population is important, such as the development of lasing platforms. For current
single-photon studies at both low and high temperatures, MDE should still be used. In
the next chapter, the temperature evolution of optical properties for the a-plane InGaN

QD platform will be examined with a combined use of both MDE and Q2T QDs
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Ultrafast polarised single-photon
sources beyond 200 K

5.1 Chapter introduction

Most of the discussion so far has been focused on the optical properties of a-plane InGalN
QDs at cryogenic temperatures. However, one of the most important incentives for the
development of a wide band gap QD platform is to achieve high-temperature operation.
In particular, the emission of polarised single photons at 200 K and above would make
QD operation possible in on-chip, Peltier-cooled thermal conditions. At the same time,
due to the very limited number of literature reports in the high-temperature operation of
nitride QDs [87, 99, 191], the evolution of their optical properties and related thermally
activated processes have not been clarified. Owing to their inability to operate at elevated
temperatures, such investigations are also scarcely conducted in mature arsenide platforms.
However, the final section in Chapter [4 has demonstrated the ability of both MDE and
Q2T a-plane QDs to emit at ~ 200K, thereby opening up the possibility for further

investigation into these lesser known topics.

In this chapter, the ability of these QDs to emit single photons at 200 K and higher will be
examined, while elucidating the changes in their optical characteristics with temperatures.
According to the conclusion of Chapter [4] although Q2T QDs could have the potential to

emit at higher temperatures with slower intensity quenching than MDE ones, the current
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absolute Q2T intensities at 4.7 K are still lower. More importantly, for the demonstration
of single-photon emission at higher temperatures, the much lower intensity of underlying

QWs in the MDE samples would make the observation of ¢()(0) of < 0.5 more likely.

For elucidation of the underexplored area of high-temperature photophysics of nitride
and other semiconductor QDs, a study of the temperature dependence of most optical
properties, such as the thermal quenching of brightness, broadening of linewidth, and
changes in radiative recombination, will be explained in detail. Furthermore, contribu-
tions from excited states become gradually prominent as temperatures increase beyond
cryogenic conditions, with added Coulomb interactions between the hole ground state and
the less polarised excited states. These could be part of the reasons for which no other
semiconductor QD systems have reported polarisation at elevated temperatures. Since
optical polarisation properties are one of the most important advantages of this platform
compared to other nitride ones, their temperature evolution will be examined with both

theoretical foundations and statistically significant experimental results up to 200 K.

5.2 Observation of QD emission up to 250 K

In order to investigate the temperature evolution of the optical properties of a-plane InGaN
QDs potentially emitting at temperatures beyond 200 K, the identification of suitable QD
candidates was first carried out at 4.7 K. Based on discussions in the previous two chapters,
these potential QDs should exhibit very high emission intensities at 4.7 K, which signify
strong quantum confinements and greater possibilities of high-temperature operation. At
the same time, a large dot-to-background ratio is also desired for the purity of emitted

single photons.

From a number of QDs identified, the MDE QD shown in Figure has the best combi-
nation of high emission intensity and large dot-to-background ratio. Five 1s uPL spectra
have been recorded at 4.7 K. The intensity per second at each CCD pixel has been averaged
with its standard deviation displayed as error bars in the figure. A Gaussian fitting has
been performed on these data, and a very close fit is obtained. Some of the data points

at the lower energy tail of the QD cannot be fitted within the Gaussian, as they originate
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Figure 5.1: yPL spectrum of an MDE QD for the potential investigation of high-
temperature single-photon emission. Raw spectroscopy data with an acquisition period
of 1s were recorded 5 times at 4.7 K. The mean and standard deviation at each CCD pixel
have been calculated, and the results within a 10 meV window containing the QD signal are

shown. A Gaussian best fit has been performed on the averaged data and displayed above.

from the interaction with phonons [99, [193]. Although the strength of this interaction
increases with temperature, it still has a non-zero magnitude at cryogenic temperatures.
As the temperature is still higher than absolute zero, such a phonon sideband can be

observed in the PL of most strongly emitting QD.

The optimised parameters of the Gaussian indicate an exciton transition linewidth of
712 + 68 peV, lower than the mean MDE linewidth of 932 peV measured in Section 4.3.1
Coupled with the high peak emission intensity of > 2000 counts/s, the small linewidth is a
possible indication of a QD with small physical dimensions and strong quantum confine-
ment [97]. As such, the studied QD could be predicted to operate at high temperatures.
The magnitude of the linewidth is still much larger than the Fourier-limited linewidth
(~ neV), owing to the presence of fast-timescale spectral diffusion from itinerant carriers
in the nearby QWs. This is evident in the ~ 132cts/s non-zero peak background rate

obtained from the Gaussian fitting. With these data, a dot-to-background peak intensity
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ratio is > 15 : 1, which is very rare in current a-plane QDs that are also emitting with
a > 1000 counts/s peak intensity. Lastly, the emission energy of the QD in Figure is
2575.3meV (481.4nm), which is at the centre of the range of a-plane QDs’ typical emission
energies. Based on all the optical properties explained above, the studied QD should be

an ideal candidate for the investigation of high-temperature single-photon generation.

In order to maximise the possibility of observing QD emission at elevated temperatures,
an excitation power of 90 mW immediately out of the fibre (estimated ~ 25mW onto the
sample) is used to saturate the QD emission. Again, achieving higher emission intensity
is chosen over a potential decrease in single-photon emission purity. This power is kept
constant throughout the course of the temperature evolution study. For accurate anal-
ysis of its optical properties, the spectrometer has been set to operate at its maximum
12001/mm grating blazed at 500 nm, with a slit of 100 um wide. A smaller slit (e.g. 25 um)
could be used for even higher resolution, but could potentially cause greater uncertainties
in the optical polarisation measurements as the polariser and half-wave plate are rotated
(see Section [2.3.3). Given that the linewidth of the nitride QD is much larger than the
resolution of the spectrometer, the current slit size should be sufficient and is thus kept at

100 pm throughout the experiment.

The temperature of the sample is then gradually increased with the PID controller of the
attocube closed-cycle cryostat. Spectra have been recorded at 4.7K, from 6 to 16 K at
1K intervals, at 18 K, from 20 to 220K at 5 K intervals, and from 230 to 250K at 10K
intervals. At each step, the temperature is allowed to stabilise before any measurements
are made. The spectra at 1K steps at temperatures < 20K were taken to identify the
time at which optical properties of the QD, such as exciton transition linewidth, start to
change more significantly. A selection of these uPL spectra from low to high temperatures
are shown in Figure[5.2] The quenching of QD intensity starts as soon as the temperature
is increased. At higher temperatures, the rate of quenching also increases significantly. As
such, for a more visual comparison of the temperature evolution of other optical properties,
the peak intensity of every spectrum from 40 to 250 K has been normalised to that at
4.7K. From Figure [5.2] it is clear that there is an accelerated redshift of emission energy

and broadening of exciton linewidth, as the temperature gradually increases to 250 K. It is
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Figure 5.2: Temperature evolution of ;PL of the studied QD. A selection of recorded
spectra with an acquisition period of 1s are shown at 4.7 K, and from 40 to 250K at 30K
intervals. The excitation power of the laser was kept constant throughout the temperature
changes. The peak intensities of each higher temperature has been normalised to that at 4.7 K|

with normalisation factors displayed next to their respective spectra.

unfortunate that due to the significant position drift induced by high thermal energies, the
location of the QD was lost at > 250 K even with assistance from the position optimisation
programme, and could not be recovered. As such, a more complete set of data until the
thermally quenched QD emission is comparable to the fluctuation noise of the CCD was
not obtained. Nonetheless, the current dataset should be sufficient for the investigation
of a number of its optical properties, which will be examined in detail in the following

sections.
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5.3 Quenching of emission intensity

5.3.1 Non-radiative decay pathways

An electron-hole pair generated in a light-emitting semiconductor either recombines ra-
diatively and emit a photon, or non-radiatively via a number of possible mechanisms [194]
specific to the material, nanostructure, and local environment of the emitter. These non-
radiative decay pathways can be gradually activated with the increase of thermal energy.
The effect of these pathways in decreasing the radiative recombination efficiency ngg can

be expressed by an Arrhenius model [25] [65, 1T2] [T95] [196],

1
e = TS A exp (— B /knT)

(5.1)

Here, each term in the summation of the denominator represents a thermally activated
non-radiative decay route, where E,; is the activation energy and A; is the coupling
strength. In a self-assembled QD system, it is non-trivial to gain direct knowledge of
the precise number of non-radiative recombination pathways or their nature. As such,
m can be set to 1, in which case A and E, would denote the average coupling strength
and activation energy for the emitter’s intensity quenching processes. Equation thus

reduces to the form of

1
e =97 Aexp (—E,/ksT)’

(5.2)

and has been commonly used in the literature for the investigation of thermally induced
intensity quenching of nanostructures [25, (65, 112] [195] [196]. However, in cases where the
quantum emitters have significantly different coupling strengths to pathways with distinct
activation energies, the use of a single-channel Arrhenius model provides a less accurate
description of the experimental data. An alternative method is to set m = 2 in Equation
so that two different Boltzmann terms can more precisely model the behaviour of
quenching. In literature studies of InAs [197], CdTe [198], and InGaN [199] structures, the
following two-channel decay form has also been used to produce more accurate descriptions

of the experimental data.
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1

_ 5.3
e = A exp (—F.1/ksT) + Asexp (—E, 2 /ksT) (5-3)

However, it is important to note that with an increased number of parameters, a more
accurate fitting to the experimental data can always be obtained. The key in these models
should be the identification of the physical meaning of parameters, and the use of fitting
results to gain more insights into the properties of the materials. The difficulty in assigning
known physical processes and non-radiative mechanisms to more Boltzmann fitting terms
makes the use of m > 2 cases of Equation less than meaningful. Therefore, only

Equation [5.2]is used for the following analysis of intensity quenching for the QD shown in

Figure 5.1 and

5.3.2 Temperature evolution of emission intensity

The pPL spectrum taken at each temperature as described in have been fitted with
Gaussian profiles to determine their integrated intensity. These data are shown in Figure
b.3] and fitted with Equation 5.2l With increasing temperatures, recombination through
non-radiative pathways gradually dominate over radiative recombination, as manifested
by the decrease of integrated intensity. It is worth noting that although the peak intensity
decreased by a factor of 42 as indicated by Figure [5.2] the rate of integrated intensity
quenching is relatively slower. This is due to the significantly broadened exciton transition
linewidth and thus increased area under the Gaussian profile of the QD. In reality, the
integrated intensity is a true measure of the number of photons radiatively emitted by
the nanostructure. As such, unlike the evaluation of optical polarisation degrees where all
experiments are performed at the same temperature, peak intensities should not be used
in place of integrated intensity in temperature-dependent studies. At the highest recorded
temperature of 250K, 6% of the intensity at 4.7 K remains, indicating that 94% of the

original excitons have undergone processes of non-radiative recombination.

The single-channel Arrhenius intensity quenching model produces a good description of
the behaviour of intensity decay. The close fit of a standard semiconductor model to the
experimental data also implies that the emission should arise from a solid-state QD, instead

of a defect [112]. The processes for the emission from a defect can be more complicated, and
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Figure 5.3: Temperature evolution of integrated intensity of the studied QD. All
intensity calculations were performed by fitting Gaussian profiles on the QD PL spectra at
each temperature, and evaluating the area of under the fitted curves. These intensity data
were then fitted with Equation where the average carrier escape via non-radiative decay

pathways is represented by a single-channel Arrhenius quenching model.

could increase with greater thermal energies at certain temperature ranges. For instance,
optical injected carriers in the InGaN QW could have a greater probability of escape into
a point defect, thereby increasing its likelihood of radiative recombination due to a higher
carrier density. However, with more thermal energy, the carrier population would increase
further, making processes such as Auger non-radiative recombination [69, 200] more likely
and reducing the radiative intensity. The lack of such behaviour is an indication that
the emission is of semiconductor origin. For the studied QD, an activation energy of
19.2 + 1.0meV is obtained with the fitting, which agrees very well with analysis from
other nitride platforms published in the literature [201]. As such, it could be estimated
that the average depth of a local non-radiative recombination path for the studied QD is

~ 20meV.

Although the remaining 6% intensity implies fast quenching, it is important to point out

that the brightness decrease is very slow compared to arsenide systems. With typical
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single InGaAs QDs, the intensity would drop well below 1% before the temperature is
increased to 100 K. Furthermore, it is not possible to make a direct comparison between
InGaN QD platforms, due to a lack of literature reports. The only report of a different
InGaN system with single-photon emission above 200 K [I91] does not specify the degree
of quenching. However, in comparison to state-of-the-art dot-in-nanowire GalN systems
[97,199], the temperature stability is indeed worse. The strong quantum confinement in the
GaN/AIN platform allows the intensity to stay almost constant up to 250 K. Nonetheless,
as the first evidence of operation above 200K in this platform, and one of the only two
InGaN systems [25], [191] with this degree of temperature stability, the current a-plane
InGaN QD is emitting strongly enough for the investigation of its optical properties and
high-temperature photophysics beyond the thermoelectric cooling barrier with sufficient

accuracy.

5.4 Redshift of emission energy

5.4.1 Temperature dependence of band gap

In a simplified picture, the stronger atomic vibrations at elevated temperatures weaken
the bond energies in a semiconductor, resulting in a decreased amount of required energy
to promote an electron from the valence band to the conduction band, i.e. a smaller
band gap. This effect was first quantified by Varshni in 1967 by the well-known Varshni

equation [202],

aT?

g(T) = Eg(o) - m7

(5.4)

where E,(T) is the temperature-dependent band gap, o and [ are fitting parameters
specific to the semiconductor material. However, it is important to note that Equation
is proposed as an empirical model, without a theoretical foundation. There have been
observations of discrepancy between the model and experimental results [196) 203]. Since
its introduction, alternative formulations [194, 203] have been attempted to improve upon

the model. A more accurate description could be achieved by considering electron-phonon
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interactions at higher temperatures. Firstly, as bosons, the average phonon number at a

given temperature, M uonon(1), can be expressed according to Bose-Einstein statistics,

1

n T) = . .
nphonon( ) exp <hw>/,1€BT _ 1 (5 5)

In Equation (hw) is the average phonon energy of the semiconductor. The amount of

redshift is then proportional to the total phonon energy, i.e.

()

OE o¢ (hw)Npnonon (1) = exp (hw) /ksT — 1

(5.6)

By introducing the Huang-Rhys factor [204], S, as a constant of proportionality that

measures the strength of electron-phonon coupling, the following equation can be obtained.

E,(T) = E,(0) — S(hw)(coth (hw) /2ksT — 1) (5.7)

This is the O’Donnell-Chen band gap model [203] proposed to replace the original Varshni
equation, as a more accurate description of the behaviour of temperature-dependent peak
emission energy shift of semiconductors. In the analysis of data collected from the a-plane
InGaN QD platform, the O’Donnell-Chen model has indeed been able to produce much
more accurate fittings compared to the Varshni model, which often fails to converge and

yields unphysical fitting parameters.

5.4.2 Temperature evolution of emission energy

The Gaussian fitting at each temperature of the studied QDs emission profile also produces
respective central emission energies, which are shown in Figure The rate of redshift
increases with higher temperatures. From 4.7 to 50K, the emission energy decrease is
< 1.5meV. On the other hand, the amount of redshift is > 15 meV when the temperature
is increased from 200 to 250 K. This is expected due to the accelerated increase of phonon
interactions at elevated temperatures. The data has been fitted with Equation[5.7] yielding
a very close fit with a reduced R? value greater than 0.992. The close agreement with

an established solid-state model further shows that the data has a semiconductor origin,
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Figure 5.4: Temperature evolution of peak emission energy of the studied QD. All
QD data points were obtained from the fitted parameters of Gaussian profiles at each temper-
ature. Also shown is a non-linear curve fit performed with Equation This phonon-based
O’Donnell-Chen model describes the data well with a reduced R? value > 0.992, compared to

the previous phenomenological Varshni model, the fitting with which does not converge.

and should be from a QD rather than a defect where such agreement cannot be observed.
The resultant fitting parameters are E,(0) = 2574.98 + 0.07meV, S = 1.45 £ 0.04, and
(hw) = 19.6 £ 0.5 meV. The average phonon energy and dimensionless Huang-Rhys factor
are comparable with results obtained in the nitride literature [I12]. The temperature
evolution of emission energy could be used as a tool for the tuning of emission energy for
coupling with cavities or other two-level systems. However, the prospect of this type of
coupling is still significantly limited by the relatively large linewidth and emission energy

uncertainty of the platform, which will be evaluated in the following section.
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5.5 Broadening of emission linewidth

5.5.1 Linewidth and Heisenberg’s uncertainty principle

In Section the mechanism of spectral diffusion in the broadening of exciton transition
linewidth has been explained. The extent of fast- and slow-timescale spectral diffusion has
also been investigated in Sections[4.3.1]and [4.3.2] Even without any spectral diffusion, the
exciton transition linewidth should also be broadened by the uncertainty of its transition

rate. According to Heisenberg’s uncertainty principle,

I' 7=0F - -0t>

h
3 (5.8)

the true linewidth I' and lifetime 7 are uncertainties in the transition energy and time of
the exciton, and their product is limited by i/2. Since transition rate W is the reciprocal
of 7, the transition linewidth I'" can be re-written as aggregate of transition rates caused
by all processes that perturb the radiative recombination of the exciton, i.e. ) . W;, and

espressed as

h h
T oW =0 (Wit ZWi). (5.9)

These processes could possibly include the thermally assisted interaction with acoustic
phonons, coupling with optical phonons, and scattering to impurities and other localised
carrier trapping sites [194] [205]. As temperature increases, most of these processes happen
more frequently, thereby increasing the uncertainty of the total transition rate of the exci-
ton and broadening its linewidth. By quantifying the contribution of each transition rate
component, assuming temperature independence of W,,4, and incorporating the effects of
spectral diffusion and other sources of inhomogeneous broadening, the inequality becomes
the temperature-dependent linewidth relation [194), 20T] 205] 206], 207, 208] with the form
of

I(T) =T + &T + Ty exp (- E,/ksT). (5.10)
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In this equation, I'g is the sum of all inhomogeneous broadening, which includes the effect
of size, shape, material composition, and slow-timescale spectral diffusion at low temper-
atures. The contribution of acoustic phonon scattering is expressed as «1', where £ is
the coupling strength [209] 210]. The last term in the equation represents a higher order
broadening term, which is only activated at more elevated temperatures. The exact nature
of this term is under intense debate, especially in the nitride community [25,[99]. Nonethe-
less, it is understood that the I'; term only affects the linewidth significantly at T" > 100 K.
Otherwise, the inclusion of the acoustic phonon coupling component is an accurate linear
approximation for describing the linewidth evolution with energy [211]. In my relevant
publications [25] 26} 27, 28] and this thesis, I interpret the term as the average of all pro-
cesses dominating the exciton transition rate at high temperatures. These processes could
include temperature-dependent spectral diffusion, scattering with impurities, coupling to
localised trapped carriers, and other unknown high-temperature mechanisms (such as a
significant increase in the thermal release of holes). Since it is currently not possible to
quantify the effect of each of these mechanisms, the phenomenological Boltzmann term
should serve as a reasonable approximation. This is especially so, as these processes only

becomes dominate when the temperature is high enough, e.g. comparable to E,.

5.5.2 Slow broadening of linewidth

The linewidth values obtained from Gaussian fits for the spectrum at each temperature are
shown in Figure A fitting in accordance with Equation [5.10]is performed on the data,
producing a close agreement. As shown in the inset of Figure the linewidth broadening
stays nearly constant at 7' < 20K, indicating negligible contribution from either of the
temperature-dependent broadening components. The fluctuation of linewidth between 700
and 750 ueV could be attributed to the presence of slow-timescale spectral diffusion. As
the spectra were taken with 1s acquisitions, these emission energy drifts could obscure

the measurement of linewidth, resulting in the fluctuation shown in the figure inset.

The optimised fitting parameters yield x = 9.98+1.07 ueV K—!, which is in good agreement
with acoustic phonon coupling strengths reported in the nitride literature [112]. From

Figure[5.5] it can be observed that the interaction with acoustic phonons and its resultant
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linear increase in linewidth dominate at T' < 90 K. As the temperature is increased further,
a much faster non-linear component sets in. The fitting also produces an activation energy
of F, = 39.6 £1.3meV for this thermally assisted non-linear process. The large activation
energy hence indicates that the broadening effect of this process is indeed only noticeable
at T' > 100K, as discussed in the last section. It is a common misconception that the
FE, should be the same value as that obtained in the analysis of intensity quenching—a
measure of the average depth of local carrier traps. However, the mechanisms for the
non-radiative decay and exciton interaction with the local environment are not necessarily
the same. In fact, they should be very different in the case of QDs. When electrons
and holes undergo non-radiative recombination pathways, they do not emit photons and
thus decrease the emission intensity. On the other hand, the interaction of exciton with
phonons or carriers trapped locally does not necessarily forbid radiative recombination, as
the interaction might not have sufficient energy to free the carriers from the QD. Instead,
the photon is emitted with a larger uncertainty of energy due to the said interaction with
the environment. Therefore, the two values of F, obtained from intensity quenching and
linewidth broadening are not directly comparable and should not be used interchangeably.

Similar inequalities of F, values have been observed in the analyses of other a-plane InGaN

QDs.

As explained in the previous section, the nature of this non-linear broadening process
cannot be ascertained with the current set of data. Nonetheless, a likely cause could be
greater degrees of slow-timescale spectral diffusion. It has been reported that the extent
of spectral diffusion of this type is likely to increase with higher temperatures [I83]. The
decomposition of the InGaN epilayer causes a number of local carrier traps near the studied
MDE QD. With a greater influx of thermal energy, carriers have higher probabilities to fill
the states of these potential minima, thereby increasing the strength of interaction between
the exciton and these trapped carriers. These interactions cause greater slow-timescale
spectral diffusion, and increase the uncertainty of the QD emission energy. The increased
spectral diffusion can also be observed by the fluctuating data at T' > 150 K, where greater
uncertainties are associated with the analyses of the results. This also explains the 2-fold

larger activation energy of ~ 40meV for the non-linear broadening mechanism, as there

114



5.5. BROADENING OF EMISSION LINEWIDTH

30 Experimental Data
Fitting with Linewidth Model

0.8

ORI R

0.6

10 -2 .

Linewidth (meV)

0 50 100 150 200 250

Temperature (K)

Figure 5.5: Temperature evolution of exciton transition linewidth of the studied
QD. All linewidth values were obtained from the optimised parameters of Gaussian fits per-
formed on the QD PL spectra at each temperature. These linewidth data are fitted with the
linewidth relation introduced in Equation Inset: a closer examination of the linewidth

variation at T' < 20 K. The fluctuations could be caused by slow-timescale spectral diffusion.

needs to be sufficient carriers trapped in a large number of local potential minima before
significant interaction with the QD exciton could occur. For brightness quenching, the
number of emitted photons immediately decreases as long as there is sufficient energy to
surmount the potential barrier of a small number of carrier escape routes, and thus the

smaller activation energy of ~ 20meV.

In most non-nitride systems, an additional component governing the interaction with
longitudinal optical (LO) phonons is also considered [194, 200, 212, 213]. However, the
energy of nitride LO phonons is > 90meV [201]. The effect of LO phonons in the current
material system would therefore require significantly higher temperatures than those under
the current consideration (7" < 250K). Hence, the contribution of LO phonons to the

broadening of a-plane QDs is ignored in this analysis.

In polar c-plane QDs growth with similar methods, the linewidth could reach ~ 20 meV

115



5.6. SINGLE-PHOTON GENERATION AT 220K

at around 120K [192], in contrast to ~ 5meV for the studied a-plane QD at the same
temperature. The reason for this has not been investigated thoroughly, but reports in the
literature have found that the transverse acoustic phonon coupling to the built-in piezo-
electric field has a significant contribution to the total acoustic phonon coupling strength
[193]. Furthermore, the much stronger oscillator strength of the exciton also makes the
perturbation of acoustic phonons less effective, resulting in a smaller contribution to the
exciton transition rate and optical linewidth. As such, the development of the a-plane
platform has made progress in the reduction of nitride emission energy uncertainties, par-

ticularly at temperatures close to the Peltier cooling barrier of 200 K.

It is also worth noting that the reduced phonon coupling at elevated temperatures also
decreases the likelihood of inelastic phonon scattering, which is a possible source of non-
radiative decay. Together with the fast radiative recombination rate, the probability of
non-radiative recombination has been reduced, making operation at high temperatures
more likely. This could be one of the key reasons why very few polar nitride systems
have reported operation > 150 K [87], 99, 191]. With a better understanding of intensity
quenching and linewidth broadening in the a-plane QD platform, the next section will

examine emission of single photons at these elevated temperatures.

5.6 Single-photon generation at 220 K

5.6.1 Filtered spectra and single-photon antibunching

The previous three sections have shown that the temperature evolutions of integrated
intensity, peak energy, and exciton transition linewidth are all in very good agreement
with established semiconductor theories, indicating that the emission does indeed have
a semiconductor-based, rather than defect-based, origin. To further ascertain that the
emitted photons are from a two-level system characteristic of a semiconductor QD, HBT
autocorrelation measurements have been performed. Using the same method as that
explained in Section [2.3.4] a pair of tuneable band pass filters were introduced in the
optical collection path of the uPL system, in order to isolate the single-photon signals

as far as possible. The filtered spectrum for the studied QD at 4.7 K is shown in Figure
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(a). Again, it is worth noting that although most of the QW emission at < 2.57eV and
> 2.58 eV has been cut off by the filters, the remainder in the spectrum cannot be further
reduced. This is due to the non-perfect nature of the boxcar filter profiles, especially
at the lower energy side. Coupled with the QW signals across the spectral range of the
QD emission, the QD-to-total-intensity ratio p is estimated at ~ 68% using the method
described in Section [3.4.2

The filtered signal was then passed through the HBT setup for photon statistics recording.
The resultant normalised data are shown in Figure (b) A raw ¢®(0) of 0.37 without
any form of background correction has been obtained, confirming the single-photon nature
of the emission. This raw g(®(0) is lower than that (0.47) obtained in Section mainly
due to the larger dot intensity ratio (68% vs 54%). After background correction analysis
with the previously developed Equation a 9(2)(0) of 0.18 can be obtained, which is

cor

very similar to the ¢(2)(0) of 0.17 for the dot studied in Section This is expected, as
both the QD studied here and the one investigated in Section [3.4] are from similar a-plane
samples, and a similar excitation power has been used to saturate the QD emission. The
repopulation and re-emission from dot-related continuum states are again the likely reason
for the non-zero g{2)(0) results, which can only be minimised with a combination of optical
pumping wavelength closer to resonant conditions and lower excitation power [127]. It is
also worth noting that a ¢®)(0) of —0.38 is obtained with the traditional background

correction technique, further confirming the greater accuracy produced by the proposed

Equation [3.9)in ascertaining the true single-photon purity.

As the temperature of the system was increased, HBT experiments were conducted at
several temperatures > 100 K. As explained in Section the thermal activation of non-
radiative decay routes gradually becomes dominant, quenching the QD emission bright-
ness. At the same time, the intensity quenching of the underlying QWs happens at a slower
rate, resulting in an increased dot-to-background ratio at higher temperatures. Hence, the
measured raw ¢ (0) values also gradually increase. The highest temperature at which
the recorded raw ¢ (0) is still < 0.5 is at 220 K. The filtered spectrum and the HBT

histograms at this temperature are shown in Figure (b) With the same estimation
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Figure 5.6: Evidence of low- and high-temperature single-photon generation from
the studied QD. (a) Spectrum at 4.7 K restricted by a pair of tuneable band pass filters for
isolation of the QD signal, which produced antibunching behaviour with a dip of 0.37 at time
zero. The g2 (0) becomes 0.18 after correction of background QW emission. (b) The filtered
spectrum of the studied QD at 220 K, the highest temperature at which a 9(2)(0) of < 0.5

can still be observed. The parenthesised value is again the background-corrected result using

Equation IBE}
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technique, the dot intensity ratio p has decreased from 68% at 4.7 K to 58% at 220 K. As

a result, the uncorrected raw ¢(?)(0) is recorded at 0.47.

At this stage, it is worth noting that the development of the a-plane QD platform has
indeed met one of its initial goals—the generation of single photons at temperatures above
the thermoelectric cooling barrier of 200 K. Amongst currently reported polar and non-
polar InGaN QD systems, this is the second one along with Deshpande et al’s work (280 K)
[191] that achieved > 200 K single-photon emission. Within all nitride developments, there
is only a third work based on GaN/AIN dot-in-nanowire (350 K) [99] that reported similar

high-temperature single-photon generation.

With a p of 58% and Equation a g2 (0) value of 0.21 can be obtained. The reason for
it not being closer to 0 has already been explained previously. The slight discrepancy from
the g2 (0) value of 0.18 at 4.7 K is most likely caused by the greater difficulty in obtaining
accurate background signal estimations. As shown in Figure the contribution of the
phonon sideband becomes gradually significant as the temperature is increased from 4.7
to 250 K. Furthermore, with greater number of carriers escaping to carrier trapping sites
at higher temperatures, the degree of slow-timescale spectral diffusion also increases. As
a result, it becomes harder to differentiate the contribution from the Gaussian QD, its
phonon sideband, and the underlying QW emission, during the first Gaussian fitting to
determine the unfiltered background level (method explained in Section . Therefore,
the high-temperature 9533 (0) value should be treated as a rough estimation, instead of
an accurate determination, of the true single-photon performance. The uncorrected raw
g?(0) should still be the most important benchmark. At 220K, the raw value of 0.47
is a relatively small increase from 0.37 at 4.7 K, which could be attributed to the strong
quantum confinement and fast radiative recombination of excitons. Similarly, fast radiative
lifetimes can already be seen from the slope of the HBT plots. In order to quantify

the radiative recombination rates at different temperatures, temperature-dependent time-

resolved pPL measurements were performed.
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5.6.2 Rate of single-photon emission

Using the same method as that in Sections and TCSPC data have been first
recorded at 4.7 K, and shown in Figure (a). A convolved Gaussian described by Equa-
tion |3.6| was used to fit the data, again due to the similarity between the expected radiative
lifetime (~ 300 ps) to the IRF width of the PMT (~ 140 ps). The fitted parameters give a
decay time constant of 480 + 20 ps, which is within the range of MDE QD lifetimes (200
to 600 ps) detailed in Section [3.3.2]

As temperature increases, the radiative lifetime of the studied QD fluctuates slightly,
and sees a small trend of decrease. At 220K, the data from the time-resolved studies
yield a decay time of 357 £ 20 ps. The decrease is due to the activation of non-radiative
recombination pathways [25, [97]. The number of photons for each histogram column (at
each smallest step on the time scale) becomes smaller at a faster rate, because at higher
temperatures a photon has a higher probability of undergo non-radiative recombination
after each incremental amount of time. Since the PMT can only directly record incident
photons, i.e. radiative recombination, the measured lifetime would appear slightly shorter.
This phenomenon is also noted by other researchers in the nitride [25, [07] and selenide
[214] QD literature in their characterisation of exciton radiative recombination lifetimes.
It is worth noting that this effect is very small, and only causes a ~ 25% difference in
the measured radiative lifetime with a > 200 K increase in temperature. The results in
Figure (b) thus show that the single-photon emission is accompanied by an ultrafast

GHz repetition rate at 220 K.

In the other InGaN QD work in the literature that reports > 200 K single-photon emission ,
a radiative lifetime of ~ 700 ps is measured [143]. Even with the small nanowire structures
for stronger confinement, the radiative lifetime of the polar InGaN QD is just below 1ns.
On the other hand, the use of non-polar a-plane indeed minimises the built-in nitride fields
and produces exciton recombination lifetimes that are twice faster than the other InGalN
platform above 200 K, without the need of smaller nanostructures to enhance its radiative
recombination rate. It is important to remember that the studied QD is an MDE one.
According to the investigation in Section £.4, Q2T QDs are able to produce even faster

radiative lifetimes, but at the expense of dot intensity ratios and single-photon purity. At
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Figure 5.7: Ultrafast repetition rate of single-photon generation from the studied
QD. (a) TCSPC data recorded at 4.7K, and fitted with Equation A time constant of
480420 ps has been obtained. (b) Same measurement performed at 220 K, yielding a radiative
recombination lifetime of 360 4 20 ps, signifying GHz single-photon generation rate above the

Peltier cooling threshold.
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Figure 5.8: Temperature-dependent radiative recombination lifetime of another
a-plane InGaN QD. Lifetime measured at 4.7 K, and from 10 to 200 K at 10 K intervals for
a Q2T QD. According to conclusions in Section [4.5] it is easier to achieve higher temperature
stability with a strongly emitting Q2T QD. A sub-300 ps radiative lifetime at 200 K has been

recorded.

the moment, only the studied MDE QD has achieved single-photon generation up to 220 K
with a < 0.5 raw g (0) and a radiative recombination lifetime of 360 ps. However, without
considering the requirement for single-photon purity, the better temperature stability and
faster recombination rate of Q2T QDs could potentially allow for even faster radiative

lifetimes at > 200 K.

One such set of temperature-dependent radiative lifetime measurement has been performed
on a Q2T QD, and the results are shown in Figure [5.8] The studied QD has a lifetime of
309+4 ps at 4.7 K, which is in agreement with findings in Section[4.4] Despite fluctuations,
there is a weak trend of decrease in the measured lifetime, again attributed to the stronger
effect of non-radiative recombination explained above. At 200K, the measured lifetime
becomes 274 + 4 ps. The smaller decrease (11%) compared to that of the studied single-
photon emitting MDE QD (25%) could be caused by the slower brightness quenching and

reduced non-radiative recombination pathways, as set forth in Section This Q2T test
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also serves as further confirmation that the non-polar a-plane QD platform does indeed

have ultrafast photon emission rate at temperatures in the Peltier-cooled regime.

5.6.3 Non-classical light emission at 250 K

Sections have detailed optical properties of the studied (MDE) QD up to 250 K
(—23°C), the highest temperature at which PL was recorded. However, as explained
previously, the rate of QD quenching increases at higher temperatures. At 250K, the
integrated intensity of the QD is > 50% lower than that at 220 K. Due to the relatively
slower quenching of the background QW emission, the dot intensity ratio has dropped sig-
nificantly. Autocorrelation studies at this temperature yields an uncorrected raw g (0)
of 0.73, as shown in Figure|5.9|(a). This value is now > 0.5 and insufficient to demonstrate
a higher probability of single, instead of multiple, photon generation from the system.
Nonetheless, it does still demonstrate non-classical antibunching, with the QD itself emit-
ting single photons in the presence of a stronger background QW light source. While
the result in Figure [5.9(a) is the highest temperature at which antibunching has been ob-
served in the a-plane InGaN QD platform, it does pose another challenge in achieving purer
single-photon emission at temperatures closer to ambient conditions. With a thermally
accelerated decrease of the QD intensity, the ¢(*)(0) will inevitably be higher. In particu-
lar, the challenge becomes the achievement of even higher temperature operation with a
further reduced degree of non-radiative recombination, together with a minimised back-
ground QW emission. While parts of this challenge have been addressed independently,
e.g. the greater temperature stability introduced by the new Q2T method, a solution to
tackle the challenge in its entity will be the next phase of the future development of this
single-photon platform. Notwithstanding, it is important to recognise that at this initial
stage, the increase of raw g(? (0) with temperature is already slower than other materials
such as CdSe [69], demonstrating the potential of the a-plane nitride material in realising

stable high-temperature operation.

In Figure (b), time-resolved analysis at 250 K has produced a radiative lifetime of 285+
11 ps, showing strong exciton oscillator strength up to the highest operation temperature.

The measurement result indicates a 20% decrease from that at 220 K (357 ps). The speed
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Figure 5.9: Evidence of ultrafast antibunching of the studied (MDE) QD at 250 K.
(a) HBT autocorrelation histogram demonstrating a raw ¢(*)(0) of 0.73, which can be corrected
to 0.17 after the removal of QW backgrounds. (b) Time-resolved TCSPC data recorded at
250K, and fitted with Equation A time constant of 285 + 11 ps has been obtained.
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of decrease is much faster over the last 30 K compared to that over the first 200 K (25%),

owing to the accelerated exciton decay into non-radiative pathways.

5.7 Stability of polarisation properties

5.7.1 Single-photon emission with polarisation control

Up to now, the ability of a-plane InGaN QDs to emit ultrafast single photons up to 220 K
and ultrafast antibunched photons up to 250 K has been demonstrated. However, these
features alone are not exclusive to the system, and have been achieved by several other
semiconductor QD platforms [69, 99, T91]. Sectionhas analysed the unique polarisation
properties of a-plane InGaN QDs, and shown a statistically high polarisation degree with
deterministic polarisation axes. Here, temperature-dependent polarisation-resolved uPL
is performed on the studied single-photon emitting QD, and the results are shown in
Figure

At 4.7K, it can be seen that the normalised intensities at each polariser angle vary in a
sinusoidal fashion, and fit well with Malus’s law of Equation Based on the maximum
and minimum intensities, the DOLP P of the studied QD is evaluated to be 0.83 £+ 0.01.
This value is within the range of 0.6 to 1.0 recorded in Section but lower than the
statistical average of 0.90. In this set of experiments, the 0° marking of the polariser
is aligned to the crystal m-direction for simplicity, as we already know and expect this
polarisation anisotropy. From Figure a), it can be seen that the fast axis of the
polarised emission is indeed aligned to 0°, corresponding to a predefined and deterministic

polarisation direction.

The same measurements have been performed when the temperature of the sample reached
220 K. The intensity results become noisier due to greater intensity fluctuations at this
temperature. Nonetheless, a close fitting with Equation [3.2] can be obtained, and a P of
0.80 + 0.13 is calculated. The angle of polarisation also stays constant along the crystal

m-direction, as indicated by Figure [5.10|(b).

This result is of great importance for the a-plane InGaN QD platform, as it is the first

report [25] of the observation of polarised single-photon emission above 200 K in semicon-
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Figure 5.10: Evidence of polarised photon generation with a deterministic axis
from the studied single-photon emitting QD up to 220K (—53°C). (a) Normalised
intensities of the studied QD as the polariser is varied between 0° and 360° at 10° intervals
at 4.7 K. The data points have been fitted with Equation [3.2] demonstrating their agreement
with Malus’s law of polarisation. The alignment of the polarisation axis with 0° of the po-
lariser indicates a deterministic polarisation direction along the crystal m-axis. (b) Results of
the same measurement performed at 220 K, showing linearly polarised emission with a fixed

polarisation axis for the studied QD.

ductor QDs. In fact, there has been no report of linearly polarised emission from a QD
at any temperatures above cryogenic conditions yet. Coupled with the HBT and lifetime
measurement results in the previous section, this a-plane platform has now demonstrated
ultrafast single-photon emission with deterministic polarisation properties at temperatures
well above the thermoelectric cooling threshold (up to —53°C). There are of course many
other factors that still limit the external quantum efficiency of this system significantly.
But looking at the aspect of polarisation alone and referring to the definition of DOLP in
Equation the theoretical maximum external quantum efficiency of this a-plane InGaN
QD is increased to 90% (P = 0.80), from the 50% (P = 0) of an unpolarised semiconductor

QD system.
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5.7.2 Confirmation of high-temperature polarisation

In order to confirm that the emission of linearly polarised photons at 200 K is not an
isolated case, another set of temperature-dependent polarisation measurements have been
made with a QD from a different a-plane sample. As single-photon generation is not the
focus of this investigation, a Q2T sample is again used in order to leverage on its high-
temperature stability and obtain the desired polarisation results effectively. The chosen
Q2T QD has an emission energy of ~ 2.54eV (~ 488nm) at 4.7K, as shown in Figure
5.11)(a). This QD energy is representative of the a-plane platform, as the experimentally
observed low-temperature energies are within the range of 2.3 to 2.8eV. The relatively
stronger background QW intensity compared to the MDE QD studied in the previous
sections is characteristic of a Q2T QD, owing to the less disrupted epilayer as explained
throughout Chapter The linewidth of this Q2T QD is 3.39 £ 0.87 meV, which is one
of the highest observed in the system. The large linewidth could be attributed to strong
interactions with phonons, which is evident by the relatively large phonon sideband at the
lower energy end of the QD spectrum in Figure (a). As the polariser is turned 90°, the
PL intensity of the QD is almost completely suppressed, indicating a very weak component
along the crystal c-axis. The intensity variations at each 10° polariser angle agrees very
well with Equation as shown in the inset of Figure (a). A high polarisation degree
of 0.93 can be obtained for the QD. There is a small angle offset of —10° from the 0°

(m-axis) mark, caused by the error in manual placement of the sample into the cryostat.

When the temperature is increased to 200K (Figure [5.11](b)), the energy of the QD has
redshifted to ~ 2.51meV, and the linewidth of the exciton transition has broadened to
20.02 £1.23meV, both of which are caused by the stronger thermally assisted interaction
with phonons explained previously. The c-component of emission is relatively stronger at
this temperature, indicating a reduction in the polarisation degree. The inset in Figure
5.11|(b) displays the slightly noisier intensity variation with polariser angle, which still fits
well with Equation The reduced DOLP of the QD is calculated to be 0.85, with the
same polarisation axis as that at 5 K. Therefore, the ability of a-plane InGaN QDs to emit

highly polarised photons above the thermoelectric cooling barrier has been confirmed.
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Figure 5.11: Evidence of high-temperature polarised emission from a different
a-plane InGaN QD up to 200K. (a) Cross-polarised PL of the QD at 5K, with inset
demonstrating the intensity variation with polariser angle and agreement with Malus’s law.
(b) The same measurements performed at 200 K, with linearly polarised emission, a slightly

reduced polarisation degree, and an unchanged polarisation axis.
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During the temperature changes, the intensities corresponding to emission along the m-
and c-axis of the sample have also been recorded at steps of 20 K. The DOLPs at each of
these temperatures are calculated and shown in Figure (a). In order to ensure accurate
polarisation measurements, data were only taken after the temperatures have stabilised
to within 1K of the targeted value. Firstly, no change in the polarisation axis (m-axis)
has been seen, signifying the reliability of the predefined and deterministic nature of
polarisation angle up to high temperatures. Looking at the changes in polarisation degree
more closely, the behaviour can be split into two segments. For T" < 100K, the DOLP
stays nearly constant and above 0.9 with minimal fluctuations. As the temperature is
increased beyond 100 K, the DOLP decreases gradually till 0.85 at 200 K. The reason for
this decrease could be attributed to excited states, and will be explained in the following
section. It is important to note that the DOLP decrease of 0.08 over a temperature range
of 200K is a small one, indicating the temperature insensitivity of polarisation properties

for a-plane InGaN QDs.

Due to the difference of polarisation degrees between the two studied QDs, it would be
useful to understand the range of attainable DOLPs at each temperature. As such, the
statistical analysis of Section[3.2.4]is extended to higher temperatures, with reduced sample
sizes due to feasibility. A total of ~ 200 QDs have been studied, in which 40 were at 5K,
20 at 20-120K (20K step), and 10 at 140-200K (20K step). These data are shown in
Figure (b) There are identical DOLP values at higher temperatures, which result in
overlapping data points. At each studied temperature, selection bias has been minimised
in order to investigate the general behaviour of polarisation. The decreasing number
of studied QDs at higher temperatures is due to the difficulty in identifying ones with
sufficient intensity for accurate polarisation measurements. With increasing temperatures,
the brightness of the emitters drops significantly as studied previously. Therefore, only
QDs with very strong confinement survives at temperatures closer to 200 K. Out of these
QDs, only a few of them still have a count rate high enough for accurate discrimination
between maximum and minimum polarisation intensities. The average polarisation degree
with their respective standard error has also been calculated at each temperature step and

shown in Figure [5.12(b). Similar to the single dot studied in Figure |5.12(a), the average
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value stays nearly constantly up to 120 K and remains above 0.85. For all the data points

collected at T' < 100 K, about half of them have a polarisation degree of 0.9 or above.

Across the entire temperature range, a few of the QDs have a DOLP of 1, with several
others very close to unity. The ~ 100% external polarisation efficiency make these QDs
very useful for quantum information applications. On the other hand, there are indeed
some QDs with DOLPs lower than the two single QDs studied above. Based on the
work set forth in Section it is not unlikely that a large (aspect ratio of ~ 2) shape
anisotropy exists, with an elongation along the c-axis. A theoretical quantitative treatment
will be presented in the next section to address this effect at higher temperatures. For
this investigation, QDs with a polarisation axis along the crystal c-direction have not been
included. This is due to their small probability of occurrence, which makes it less feasible
for statistical investigation at higher temperatures. Nonetheless, several of these QDs
have been identified at various temperatures, and no anomalous results of DOLP have

been seen.

Looking at the average polarisation degrees at each temperature, there are no values
below 0.77, which confirms the ability of a-plane InGaN QDs to act as polarised photon
emitters up to 200 K. However, while the spread of the DOLP values is relatively small
for temperatures below 120 K, this range becomes much greater at 7' > 120 K. In fact, all
studied QDs (~ 150) at 7" < 120K have a DOLP of 0.75 or higher, except for 3 outliers
with polarisation degrees of around 0.65. As the temperature is increased beyond 120K,
the range of DOLPs expands to between 0.5 and 1. The presence of QDs with lower
DOLPs at high temperatures suggests two possibilities: (1) The contribution of excited
states becomes more significant with greater thermal energies, and (2) the anisotropy of
QDs could have a stronger effect on their DOLPs at higher temperatures. In order to
shed light on these questions and better understand the ability of a-plane InGaN QDs
to generate highly polarised photons at elevated temperatures, theoretical studies are

required.
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Figure 5.12: Temperature evolution of polarisation degree for a-plane InGaN QDs.
(a) DOLP of the single Q2T QD investigated in Figure at 5K, and from 20 to 200K at
20K intervals. (b) Statistical DOLP distribution of ~ 200 QDs at the same temperature steps
up to 200 K, with mean and standard error. All data points are > 0.5, while all mean DOLPs

are > 0.75.
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5.7.3 Theoretical support

Our collaborators in Tyndall modified the k-p model used in Section to take Fermi-
Dirac statistics [215] into account, and investigated high temperature polarisation proper-
ties of these QDs from a theoretical perspective. More details of the theoretical framework
can be found in our joint publication [26]. The final results of this collaborative work are

presented in Figure [5.13]in support of the discussions in this section.

Three lens-shaped QD models with different geometries have been included. In Figure
QD-sym has a symmetrical circular base, while QD-c and QD-m have elliptical bases
with elongations along the crystal ¢- and m-directions respectively. All data in Figure
[5.13] are DOLP results computed at each temperature for these three QDs. Looking
at QD-sym with a circular base, the polarisation degree is very high (> 0.95) at low
temperatures 7' < 20 K. This is in line with the results obtained in Section where the
hole ground states have been confirmed with a |m)-dominance. This high DOLP remains
relatively constant till ~ 80 K, indicating much higher spontaneous emission rates along
the crystal m-direction. As the temperature is increased further, contributions from the
|c)-like states gradually become significant, reducing (increasing) the spontaneous emission
rate along the crystal m(c)-direction. Therefore, the in-plane polarisation degree would
slowly decrease at 7' > 80K. Till 200K, the DOLP of QD-sym has dropped to 0.82,
which is in agreement with both of the experimentally studied single QDs discussed in
previous subsections. The theoretical simulation also includes the scenarios in which the
temperature is increased to ambient conditions. At a temperature of 300 K, the calculated

DOLP for QD-sym is 0.71.

However, as explained in Section the stochastic self-assembly process cannot be ex-
pected to produce all QDs with circular bases. QD-c and QD-m with a two-fold anisotropy
along the ¢- and m-directions are crucial in modelling the behaviour of the current a-plane
InGaN QD platform. In particular, the degree of band mixing effects involving |m)- and
|c)-like states become different, owing to changes in confinement effect along the m- and
c¢)-axes, which have been addressed in Section As discussed in the case of QD-sym,
the amount of mixing between |m)- and |c)-orbital characteristics increases at higher tem-

peratures. Therefore, this effect will also be expected to increase with an elongation
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Figure 5.13: Theoretical study of temperature-dependent polarisation degree of
a-plane InGalN QDs. Three lens-shaped QDs with different base geometry were included
in the k-p simulation, taking Fermi-Dirac statistics into consideration. Together, QD-sym
(symmetrical circular base), QD-c (2 : 1 elongation along c-axis), and QD-m (2 : 1 elongation
along m-axis) explain the experimental findings shown in Figure[5.12|b) well. The final results

of this theoretical study were obtained by our collaborators in Tyndall National Institute.

(compression) along the crystal c-direction, resulting in an earlier (later) onset of DOLP

reduction as the temperature rises.

This behaviour is indeed observed for both QD-c and QD-m in Figure At T < 20K,
the lower and higher DOLP of QD-c and QD-m respectively are in agreement with the low-
temperature results obtained in Section When the temperature is increased to above
40 K, the DOLP of QD-c begins to drop significantly, reaching a value of 0.54 at 200 K. This
result corresponds to and provides an explanation for the experimental findings in Figure
5.12(b), where DOLP results between 0.5 and 0.6 are present at very high temperatures.
In the case of QD-m, the reduced degree of band mixing is evident because DOLPs at
all temperatures are higher than QD-sym. In fact, the DOLP of QD-m remains nearly
unchanged at ~ 0.98 till 100 K, and only sees a small reduction to 0.9 at 200 K. When the

temperature is increased to 300 K, the polarisation degree of QD-m is still as high as 0.77.
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As shown in Figure the behaviours of QD-sym, QD-c¢, and QD-m have a very close
agreement with the experimental ranges (also presented in Figure|5.12(b), and provide an

explanation for the increasing spread of DOLP values at higher temperatures.

5.8 Temperature-dependent fine-structure splitting

5.8.1 Probing exchange interactions in nitrides

Due to the exchange symmetry between electrons and holes, there are two ground state
transitions associated with orthogonally polarised photons. The small energy difference be-
tween these two transitions is the fine-structure splitting of the emitter [28]. The strength
of the exchange interaction is much weaker compared to exciton transition energy itself,
and is measured to be ~ 0.5 meV in the context of nitride QDs [28| [105], 114! [182], 216]. Due
to its diminutive nature, the dimension, geometry, material composition, and Coulomb en-
vironment (e.g. locally trapped carriers, phonon interactions) of the nanostructure could
all affect the spatial part of the electron and hole wavefunction significantly, resulting in

differences in F'SS of each studied QD.

In polarisation-resolved puPL, it is in principle possible to resolve this small energy differ-
ence between the cross-polarised PL components. In practice, it proves to be a difficult
measurement, especially because of its closeness to the extent of both fast- (~ 1 meV) and
slow-timescale spectral diffusion (~ 0.5meV). Nonetheless, with longer periods of signal
acquisition and data averaging, such measurements have been made in InGaN QDs un-
der cryogenic conditions [105], 114, [182). However, it has not been possible to study the
behaviour of FSS at elevated temperatures, mainly due to the inability to measure high-
temperature polarised emission in the first place. With latest developments of a-plane

InGaN QDs, this is now possible thanks to three key advantages:

1. The fast radiative recombination efficiency allows higher probability of radiative, in-
stead of non-radiative, emission at high temperatures, thereby increasing the bright-
ness and temperature stability. This is especially so with Q2T QDs, the details of

which have been extensively covered in Chapter
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2. The predefined and deterministic polarisation properties built-in to the non-polar
nitride material allow the observation of high-temperature polarised emission up to

200 K, as demonstrated in the last section.

3. The significantly reduced spectral diffusion, especially with Q2T QDs, is now an
order of magnitude smaller than the expected FSS energy, allowing for more accurate

and efficient measurement of FSS.

5.8.2 Constancy and change of FSS with temperature

In order to study FSS accurately, very specific choices of QDs need to be maded. In
particular, the ability to resolve the weak fine-structure component, especially at higher
temperatures, is crucial for resolving the energy splitting. As such, only QDs that are
polarised, but with a DOLP of < 0.80, can be used. Given the highly polarised nature
of the platform, this already limits the number of viable candidates tremendously. Fur-
thermore, with the intent of studying FSS up to 200 K, strongly emitting QDs that imply
good quantum confinement are also required. Therefore, it poses a very experimentally
challenging task to identify suitable QDs for this investigation, and only several QDs have

been studied over a manageable timeframe.

The polarisation-resolved PL spectra of one such QD at 5K is shown in Figure (a).
The DOLP of this QD is 0.79, and its c-component is normalised with a factor of 8.34.
Analyses yield central energies of 2535.00+0.01 and 2534.554+0.02 meV, for the strong and
weak fine-structure components respectively. The FSS can hence be defined as |E,, — E,|,
where E,, and F, are the transition energies of the fine-structure components along the
crystal m- and c-directions. Hence, the FSS of this QD is evaluated to be 450 £ 22 eV,
and is in very good agreement with literature findings in both polar [I182] and non-polar

[105], 114] nitride QDs.

The temperature of the sample is then gradually increased, and the same measurements
have been performed at a number of temperatures. At 200 K, both of the fine-structure
components have undergone significant thermal quenching, but still remain resolvable.
Data for even higher temperatures are not recorded for this particular QD, as the weaker

component becomes too noisy for FSS evaluation. Despite the significantly broadened
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Figure 5.14: Measurement of F'SS at low and high temperatures for a Q2T a-plane

InGaN QD. (a) Cross-polarised components of the studied single QD at 5 K. The weaker

component has been normalised by a factor of 8.34. (b). The same measurements and spectra

at 200K, displayed with a much larger horizontal energy scale. The weaker component has

been normalised by 5.97.
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Figure 5.15: Temperature-dependent FSS of a-plane InGaN QDs. A total of 6
individual single QDs studied up to the highest temperature at which F'SS can still be resolved.

QD1 is the same as that shown in Figure[5.14] All 6 QDs show that the F'SS remain constant at
T < 100K. QD1-4 demonstrate quasi-linearly increasing FSS with temperature at 7' > 100 K.

emission, it is possible to visually observe the decrease of the main component and rise
of the weaker counterpart at a separate spectral location on the spectrometer interface,
as the polariser is turned away from 0°. The polarisation degree has decreased from 0.79
to 0.71, as expected due to the stronger band mixing at higher temperatures explained in
the last section. The peak emission energies of the m- and c-component have redshifted
to 2510.7 = 0.2 and 2500.7 £ 0.6 meV respectively. Due to the faster (slower) redshift of
the ¢(m)-component, the FSS has been drastically increased to 10.0 + 0.6 meV. This FSS
value at 200K is the first such measurement of a semiconductor QD, and is an order of

magnitude higher than the result obtained at 5 K.

Apart from this QD, similar behaviours have also been observed for a few other QDs
studied. In order to examine the process of F'SS increase, the splitting energies for these
QDs at several temperature steps have been recorded and shown in Figure [5.15] where
QD1 is the same QD studied in Figure [5.14] For all QDs, the FSS is recorded as far

as the weaker fine-structure emission can still be accurately resolved. For QD1-6, the
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highest F'SS temperatures are 200, 220, 160, 140, 70 and 100 K respectively. Generally,
it is observed that the FSS does not change significantly up to ~ 100K, but increases
at temperatures higher than 100 K. The rate of increase is close to a linear one, and
is different for each QD. In the case of QD1, this quasi-linear rate is 150 ueV/K. The
constancy of FSS at T' < 100K is confirmed in all 6 QDs, and the increase at T' > 100 K
is also confirmed by QD1-4. It is important to note that the large FSS is not simply
increased slow-timescale spectral diffusion—the two cross-polarised peaks can indeed be

observed at different spectral positions in real time as mentioned previously.

5.8.3 Statistical significance and phonon scattering

For greater statistical confirmation of this behaviour, multiple single QDs at each tem-
perature has been studied and their FSS calculated. A total of 81 QDs were investi-
gated at 5K, and their results displayed in Figure (a). All FSS energies are found
to lie within the range of 100-900 eV, again in agreement with findings in the literature
[28, 105, 114, 182, 216]. A mean and standard deviation of 443 £+ 132 ueV can be eval-
uated. The larger spread of values is attributed to the random differences in dimension,
geometry and material composition in this self-assembled platform. Their impact on the
spatial part of the exchange symmetry alters the F'SS energies. Compared to arsenide sys-
tems [217) 218, 219] 220], these values are an order of magnitude greater, and exhibit no
wavelength dependence. This missing correlation could be attributed to the greater com-
plexity in the aforementioned nanostructure parameters of current a-plane InGaN QDs,
all of which could contribute to the emission energy to different extents. Therefore, a

correlation with FSS cannot be observed in the current system.

At 200K, a total of 16 QDs have been studied and shown in Figure[5.16|(b). The decreasing
sample size is caused by significantly quenched emission of nanostructures, and a lack of
suitable QD candidates at this temperature. The range of FSS is between 2 and 12meV,
confirming the previous finding that F'SS energies at 200 K is an order of magnitude higher
than those at 5 K. Similar to the situation at 5 K, no correlation with the exciton transition
energy can be observed. One interesting observation is that these low-DOLP QDs are

largely emitting below 2.6eV, whereas the experimental upper limit in the 5K case is
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5.8. TEMPERATURE-DEPENDENT FINE-STRUCTURE SPLITTING
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Figure 5.16: Statistically significant temperature-dependent FSS measurement
of a-plane InGaN QDs. (a) FSS energies evaluated at 5K for 81 individual QDs. No
selection bias is present except ensuring resolvability of the weaker fine-structure component.
No correlation with the exciton transition energy is found. (b) The same measurement at
200K with 16 QDs. A global order-of-magnitude increase of FSS has been observed. (c)
FSS of 10 additional QDs each at 50, 100, and 150 K. Also shown is the range of linewidths
evaluated for the studied QDs. A qualitative correlation between phonon scattering strength

and FSS can be established.
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5.9. CHAPTER SUMMARY

2.8¢eV. A possible explanation is the presence of higher indium contents, ceteris paribus,
which results in larger band offsets and greater quantum confinement, allowing for emission

at conditions with higher thermal energy.

While the large F'SS at 200 K has been confirmed experimentally, it is non-trivial to identify
a theoretical foundation. Based on theoretical works [221] and recent studies in AIN
nanostructures [222], it is possible that exciton-phonon interactions might affect the extent
of exchange interactions. Hence, a scenario in which greater phonon interactions at higher
temperatures alter the F'SS of QDs is not unlikely. To accurately model the origin of these
FSS differences and changes with temperature, theoretical studies involving configuration
interaction, Fermi-Dirac statistics, QD geometry anisotropies, and phonon coupling would
be required. Such a theoretical study is not currently feasible and well beyond the scope
of this thesis. Notwithstanding, it is possible to experimentally verify the presence of a

correlation between phonon scattering strength and FSS qualitatively.

Since the broadening of exciton transition linewidth is a measure of the degree of phonon
coupling, their statistics can be compared against that of FSS at each temperature. 10
more QDs each at 50, 100, and 150 K have been investigated, and their results shown
together with the statistics at 5 and 200K in Figure (c) From the graph, it can be
seen that the ranges of FSS are very close for T' < 100 K, but expand drastically at higher
temperatures. This result confirms the finding in Figure [5.15] The ranges of linewidths
for all the studied QDs at each temperature have also been evaluated and shown on top of
the range of FSS energies. The ranges of linewidth and FSS overlap very well with each
other, suggesting that a relationship between phonon interactions and FSS indeed exists

in a-plane InGaN QDs.

5.9 Chapter summary

The contents of this chapter are arguably the most important milestones in the develop-
ment of the a-plane InGaN QD platform. The key motivation for the initiation of this
area of research is to explore possibilities in higher temperature regimes, thereby enabling
future on-chip single-photon applications and fundamental semiconductor QD research

that cannot be realised by other systems.
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5.9. CHAPTER SUMMARY

The concept of polarisation-controlled ultrafast single-photon generation has been demon-
strated experimentally, with a ¢ (0) of 0.47, radiative recombination lifetime of 357 ps,
and a polarisation degree of 0.80 aligned to the crystal m-direction. The high-temperature
polarisation properties are the key differentiating factor compared to other competing
single-photon emitting systems, and have been confirmed with statistically significant re-
sults up to 200K. These properties at high temperatures have also been investigated
theoretically with our collaborators in Tyndall National Institute, concluding in a clear
pathway forward in the development of nanostructures for realising robust and highly

polarised room-temperature photon emitters.

Thanks to the temperature stability of a-plane InGaN QDs, it is now possible to in-
vestigate high-temperature photophysics of semiconductor QDs. The acoustic phonon
scattering strength, as well as the depth of typical local carriers trapping sites, has been
evaluated. Fine-structure splitting energies have been found to increase by an order of
magnitude at 200 K. The onset of increase itself only happens at 7' > 100 K, implying
the presence of an unknown thermally activated process at this temperature. This is the
first experimental observation of the temperature dependence of the FSS of semiconduc-
tor QDs. Experimental studies have found that this process has a positive correlation
with the extent of phonon scattering, which increases at an accelerated pace at higher

temperatures.

141



Concluding remarks and outlook

The over-reliance on material defects and cryogenic temperatures has motivated the devel-
opment of nitride-based wide band gap semiconductor quantum dots. In order to tackle
current challenges in both reducing intrinsic nitride built-in fields and realising polarisation
control, non-polar a-plane InGaN/GaN QDs can be employed using two of the available
fabrication methods—MDE and Q2T. With a complete set of micro-photoluminescence
studies of their optical properties, ultrafast polarisation-controlled single-photon genera-
tion has been demonstrated for the first time at 220 K (=53 °C) in not only InGaN systems,

but semiconductor QDs in general.

Although this is an initial development, several optical properties of a-plane InGaN/GaN
QDs have been demonstrated with statistical significance and clarified with rigorous theo-
retical foundations, including the radiative recombination lifetime and optical polarisation
at both low and high temperatures. Some of emission characteristics have now reached
or exceeded state-of-the-art nitride developments. In particular, the radiative lifetimes
of a-plane InGaN QDs have an average of < 200ps, and are faster than both ultra-
small dot-in-nanowire GaN systems [97] and m-plane platforms [I12] with theoretically
weaker residual fields. The reduced average slow-timescale spectral diffusion of ~ 30 ueV
is also amongst the smallest in the literature reports [I89], making further investigations of
linewidth, fine-structure splitting, and other related optical studies easier, more accurate

and reliable.

The ability to observe optical properties in conditions with greater thermal energies
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opens up the area of high-temperature photophysics for semiconductor QDs. Unexpected
temperature-dependent behaviours, such as temperature-dependent FSS, need to be in-
vestigated for not only fundamental interests, but also the development of future on-chip
quantum information applications. For instance, the accelerated increase of exciton transi-
tion linewidth poses greater challenges in realising applications in quantum computation.
The large linewidth of all current nitride systems at both low and high temperatures,
including the a-plane one detailed in this thesis, is one of the key limiting factors to con-
ducting Hong-Ou-Mandel experiments [45] and achieving the emission of indistinguishable
photons [46]. Overcoming this intrinsic material challenge is as crucial as achieving high-
purity single-photon emission in paving the way for applications in nitride-based quantum

information sciences.

Progress has been made in this area, where a characteristic spectral diffusion rate of
~ 20ns~! has been found in GaN systems [135]. Although there are yet no effective meth-
ods to suppress the fast-timescale spectral diffusion, such measurements provides a better
understanding of the nature of the scientific challenge. For this a-plane platform, identify-
ing methods to further improve the sample quality is crucial, so that similar measurements
can be attempted. At the same time, the minimisation of slow-timescale spectral diffusion,
as pioneered by the a-plane system, has indeed moved the nitride platform a step closer

to the generation of indistinguishable photons.

For single-photon purity, all successful (< 0.50) HBT results have raw ¢(*)(0) values >
0.3. A statistically significant study similar to those conducted for optical polarisation
and radiative recombination lifetime is not yet possible, due to the much lower rate of
successful HBT measurement. However, such statistics would be very important to gain
more insights into the photophysics of single-photon emitting QDs, as well as directions
to further advance this unique system. These will be possible with improved fabrication
and ideally higher quality samples in the next phase of development. With the average
brightness of QDs increased, it would also become possible to use excitation powers much
lower than the QDs’ saturation powers, thereby decreasing the relative QW intensity
further. The small percentage of QDs polarised along the c-direction have the unique

advantage of suppressed background QW emission, which is polarised orthogonal to the
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QDs themselves. With further development to improve their emission properties and to
control their growth, as well as the use of resonant excitation, these QDs could also be the
key to achieving purer single-photon generation, a most crucial challenge in advancing the

a-plane QD platform in the future.

In the case of intrinsic polarisation control, the a-plane system still has many areas of
improvement. Based on the results presented in the thesis, an elongation along the m-
direction would increase the DOLP until it reaches 1. With further forms of nanostructure
engineering, such as masked etching to create m-elongated cuboids, there is potential to
consistently produce DOLPs of 1 with minimal deviations, thus truly forgoing the need
for external polarisers and bringing the external polarisation efficiency closer to 100%.
Furthermore, such a design could also result in much better temperature stability of the
polarisation properties. At the current stage, direct control of the QD geometry is not
yet possible. However, it is worth noting that such concepts have already been proven in
both asymmetric quantum dash formations [50] and polar nitride low-temperature single-
photon emitters [I50]. If the intrinsic polarisation properties of the a-plane material is
combined with a desirable engineered anisotropy based on the findings in this thesis, it

would be possible to achieve DOLPs close to unity at room temperature.

Indeed, the a-plane QD platform is still in its infancy, with planar epitaxial self-assembled
samples and relatively poor emission characteristics compared to more mature nitride
and non-nitride developments. Nontheless, just like strongly emitting blue LEDs in the
presence of significant threading dislocations, the optical properties of this “lucky” semi-
conductor are already rivalling more established systems. At the moment, electrically
pumped single-photon sources with polarisation control has already been achieved with
a-plane InGaN/GaN QDs [211], proving the advantage of device fabrication of a semi-
conductor QD platform. Combined with the ongoing progress in realising larger scale
site-controlled samples, more sophisticated devices with electrical contacts on pillars, and
the aforementioned nanostructure engineering, non-polar a-plane InGaN/GaN QDs have

tremendous potential in leading the development of on-chip quantum information sciences.
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