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Abstract

Ideal single-photon sources are key elements to realizing quantum technologies such as
quantum information processing and cryptography, using photons as the smallest unit to
carry information. Solid-state two-level emitters are considered promising candidates for
generating single photons with high efficiency, high single-photon purity and a high degree
of indistinguishability. In particular, quantum dots, made of binary semiconductor (e.g.
II-VI, III-V) materials, are artificial atoms that exhibit outstanding optical performance. A
well-studied example is the InGaAs/GaAs self-assembled quantum dot system. However,
these dots are typically formed through random nucleation on a sample substrate. To
overcome this barrier, a position-controlled nanowire-based quantum dot system, made of
InAsP/InP will be investigated in this work.

This thesis will first introduce the growth technique of embedding a disk-shaped quan-
tum dot (InAsP) in a nanowire waveguide (InP). The optical properties of three differ-
ent samples with tunable emission wavelengths are demonstrated. A tuning range from
890 nm to 1530 nm is achieved using two approaches. By varying the size and the As
composition of the dot, the emission wavelengths can reach up to ∼1µm. Furthermore,
devices can be made to operate in the telecom C-band by employing a dot-in-a-rod struc-
ture. Time-resolved photoluminescence measurements and second-order auto-correlation
measurements are conducted under different excitation schemes (above-band, p-shell and
resonant excitation) to investigate the optical performance of these samples.

For the first time, strictly resonant excitation was applied to the nanowire quantum dot
system. Photoluminescence spectra, coherent control, and auto-correlation measurements
demonstrated that the pump laser’s overlap with the quantum dot emission can be effec-
tively suppressed using a polarization-rejection optical setup. Additionally, experimental
results suggest that resonant excitation significantly reduces the excitation timing jitter
compared to above-band excitation.

Lastly, this work focuses on the coherence properties and two-photon indistinguisha-
bility of the photons emitted from different samples. Linewiths were measured using high-
resolution photoluminescence spectroscopy with a Fabry-Pérot etalon and the two-photon
indistinguishability was investigated with Hong-Ou-Mandel interferometry. Both measure-
ments were performed under above-band and resonant excitation. The linewidths and
the visibilities of the two-photon interference consistently demonstrated the impact of ex-
citation methods on the coherence properties and aligned well with findings from other
quantum dot systems.
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Chapter 1

Introduction

Quantum science and technologies have shown their transformative potential across aca-
demic research and industries, generating significant excitement in multiple fields. The
quantum theory of light can be traced back to when Planck first postulated his hypothe-
sis on quantized energy in particles [8], followed by Einstein’s famous proposal on "light
quanta" in the early 1900s [9]. Around eighty years later, the concept of single-photon
sources emerged. To this very day, single-photon technologies are applied in an expanding
range of fields [10]. Here, I will mainly discuss their applications in quantum computing
[11, 12], quantum information [13] and cryptography [14].

Quantum information can be encoded in photons as they have various degrees of free-
dom, allowing them to represent the states of qubits. For example, the horizontal polariza-
tion of a photon can represent the qubit state |0⟩ and the vertical polarization can represent
the state |1⟩. These photons can be further manipulated by using linear optical elements
acting as quantum gates. One of the most common examples is beamsplitters where the
photons can interfere with each other. Moreover, photons can be implemented for secure
communications due to their quantum properties through, for example, the non-cloning
theorem. Many works have used single photons or entangled photon pairs to demonstrate
quantum key distribution schemes [15, 16].

One key step to advancing quantum technologies is the development of on-demand
single-photon sources with high performance. These sources must exhibit high efficiency,
high single-photon purity and the ability to produce indistinguishable photons with a high
degree of coherence. Furthermore, their compatibility with optical fibre is essential for
ensuring scalability in quantum networks.
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1.1 Single-photon generation

Based on the underlying physical processes, single-photon sources can be categorized into
two types: deterministic and probabilistic sources. Historically, the sources that generate
pairs of entangled photons were first developed in the early 1970s [17, 18]. These are
so-called heralded single-photon sources, meaning that they utilize the detection of one
photon (i.e. the heralding photon) from a generated pair to ensure the presence of the
correlated one (i.e. the heralded photon). This can be achieved by nonlinear optical
processes such as spontaneous down-conversion (SPDC) or spontaneous four-wave mixing
(SFWM). Particularly, high-energy photons (e.g. lasers) interact with nonlinear materials
and generate two photons with different energies, namely an idler/heralding photon and a
signal/heralded photon. While the process is inherently random in that the photon-pair
generation is probabilistic, these sources can operate at room temperature with a wide
range of wavelength tunability, high indistinguishability, high-quality entanglement and
broad applications in integrated photonics [19, 20, 21, 22, 23].

Despite the probabilistic sources being well-established and widely applied, the inherent
trade-off between their source efficiency and single-photon purity limits their application
in many fields [24]. Therefore, on-demand deterministic single-photon sources are more
desirable as they can generate one photon at a time in a controllable manner. Solid-state
materials have shown their significant potential as such sources [25]. Trapped atoms
and ions served as the earliest examples of single-photon sources due to their well-defined
energy levels [26]. More recent work has shown their ability to generate single photons
at telecom wavelengths [27]. However, several disadvantages, including low collection effi-
ciency, complex experimental setups and challenges in integrating with photonic devices,
limit their scalability [28]. Point defects in solids is another promising technique to
realize single-photon generation. This is achieved by introducing localized defects in the
crystal lattice of a material to form confined energy levels. Well-known examples include
nitrogen-vacancy centers in diamond [29] and silicon-vacancy centers in silicon carbide [30].
Two-dimensional materials such as transition metal dichalcogenides (TMDCs) and defects
in hexagonal boron nitride (h-BN) are also prominent hosts for single-photon emitters.

1.2 Semiconductor quantum dots: outline of the thesis

Semiconductor quantum dots, known as "artificial atoms", have shown their extreme po-
tential as deterministic sources to generate high-purity single photons [31] as well as high
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fidelity entangled photon pairs [32]. They are typically lower bandgap materials embed-
ded within higher bandgap materials, forming spatial confinement for charge carriers with
nanoscale dimensions. Single photons can be generated through spontaneous emission
when the dots are optically excited by lasers.

One of the common methods to fabricate solid-state semiconductor quantum dots is
epitaxial growth where one single-crystalline material (e.g. InAs) is deposited on the sur-
face of another single-crystal material (e.g. GaAs). In particular, the Stranski–Krastanow
technique produces quantum dots of random sizes and at random positions through strain-
induced nucleation. The major disadvantages of these dots are low collection efficiency
and broad photon linewidths. Total internal reflection due to a high index of refraction of
the dots results in only a small amount of light being collected from above. The random
nucleation leads to the linewidth broadening of the dot emission due to the spectral pol-
lution from adjacent dots. A significant amount of research has been done in the past to
address these by cooperating quantum dots with photonic structures [33].

This work, in contrast, presents single-photon sources based on nanowire quantum dots.
First, the concept of quantum light is introduced through photon statistics in Chapter
2, followed by a detailed background of semiconductor quantum dots. The latter half of
this chapter focuses on nanowire quantum dots, covering the growth methods, the source
efficiency and the wavelength tunability. Chapter 3 describes the experimental methods
used in this work. In Chapter 4, typical optical properties of quantum dot samples grown
under different conditions are investigated, including their photoluminescence spectra, ex-
citonic lifetimes and single-photon purities using above-band and p-shell excitation. In
particular, the quantum dots operating in the telecom C-band is presented. Further, the
coherence properties of different quantum dots emitting below 1µm are compared using
above-band and strictly resonant excitation. Lastly, Chapter 6 provides a brief conclusion
of the experimental results and future research directions.
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Chapter 2

Semiconductor Quantum Dots as
Single-photon Sources

In this chapter, I will start with the concept of quantum light by discussing photon statis-
tics. Among different types of non-classical light sources, single-photon sources have be-
come one of the most promising candidates for quantum technologies. In the past years,
semiconductor quantum dots have shown their significant potential as on-demand single-
photon sources, capable of generating high-quality single photons and entangled photon
pairs. Such photons can serve as quantum bits for long-distance quantum networks.

Motivated by these, I will provide an overview of semiconductor quantum dots in the
second section, covering from the fundamental physics, including their electronic and opti-
cal properties, to various types of quantum dots that have been developed to date. Lastly, I
narrow the focus to III-V nanowire-based quantum dots, discussing the growth techniques
and their corresponding optical performance.

2.1 Photon Statistics

Photon statistics theory provides a framework for distinguishing and characterizing differ-
ent types of light based on the probability distribution of the number of photons. With a
given probability of detecting n photons, on can analyze the variance of detecting n photons
((∆n)2 ≡ ⟨n2⟩−⟨n⟩2) in relation to the mean of photon number (⟨n⟩), to distinguish three
different types of light sources; thermal light ((∆n)2 > ⟨n⟩), coherent light ((∆n)2 = ⟨n⟩)
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and quantum light ((∆n)2 < ⟨n⟩). Each type of light corresponds to a different photon
distribution behaviour: super-Poisson, Poisson and sub-Poisson distribution, respectively.

For the light emitted from a single-mode thermal light source, such as a light bulb,
the intensity fluctuates randomly. By cooperating the intensity distribution with Mandel’s
formula, the probability of finding n photons at a photodetector is given by Bose-Einstein
distribution [34]:

Pt(n) =
⟨n⟩n

(1 + ⟨n⟩)n+1
(2.1)

This distribution implies that the detection of zero photons has the highest probability,
as shown in Figure 2.1(a). In this case, the variance is calculated to be (∆n)2 = ⟨n2⟩+ ⟨n⟩.

Single-mode coherent light, e.g. light emitted from a laser, is characterized by the
coherent state |α⟩ as a superposition of Fock states |n⟩:

|α⟩ = e−|α|2/2
∞∑
n=0

αn

√
n!

|n⟩ (2.2)

where α is a complex amplitude. Eq. 2.3 shows that the probability distribution in the
coherent state is Poissonian:

Pc(n) =
|α|2n

n!
e−⟨n⟩ =

⟨n⟩n

n!
e−⟨n⟩ (2.3)

where the probability of finding n photons is maximized at the mean photon number,
as shown in Figure 2.1(b). The variance is then calculated as (∆n)2 = ⟨n2⟩, indicating
lower intensity fluctuation than the thermal light.

In contrast to the classical light sources (i.e. thermal light), non-classical light, such as
Fock states, allows for a precise definition of the photon number, as shown in Figure 2.1(c).
The origin of the photon number state is from the formalism of second quantization. For
a single-mode of a Fock state, it satisfies:

n̂ |n⟩ = n |n⟩ (2.4)

where n̂ is the number operator and equals to the product of annihilation and creation
operators: n̂ = â†â. The probability distribution to find n photons is then:
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Pq(n) =

{
1, if n = n′.

0, otherwise.
(2.5)

This sub-Poissonian behavior is the hallmark of quantum light, leading to a minimized
variance in photon number with (∆n)2 < ⟨n2⟩. Therefore, quantum light sources exhibit
the lowest photon number fluctuation compared to classical light sources.
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Figure 2.1: Probability distribution of finding n photons from (a) a thermal light source,
(b) a coherent light source, and (c) a quantum light source. For each type of light, the
distributions are plotted when ⟨n⟩ = 1 (light blue) and ⟨n⟩ = 10 (dark blue), respectively.

While thermal and laser light sources are well-studied and widely applied in day-to-day
existence and scientific research, the potential of non-classical light in quantum technologies
has drawn massive attention in the past decades [35, 36]. Quantum light can be gener-
ated through many processes. For example, squeeze states were observed from a sodium
atomic beam pumped cavity through SFWM [37]. Heralded photon pairs can be generated
from SPDC [19]. Single-photon Fock states emitted from solid-state semiconductors are
presented in [25].

In this work, I focus on the optical properties of single-photon emitters, evaluating
their performance based on several key criteria: source efficiency, single-photon purity,
two-photon indistinguishability, and photon coherence. Source efficiency is influenced by
photon generation mechanisms in different devices, while single-photon purity, indistin-
guishability and coherence serve as universal performance metrics. In the following section,
I will define these three metrics and discuss their respective measurement methods.

6



2.2 Single-photon purity and spectral purity

One requirement for the ideal single-photon source is having high single-purity. This means
that the emitter generates one and only one photon at a given time. Mathematically, this
is measured by the Glauber correlation function, or a normalized auto-correlation function
[38]:

g(2)(τ) =
⟨E∗(t)E(t)E∗(t+ τ)E(t+ τ)⟩

⟨E∗(t)E(t)⟩2
(2.6)

which is an average of coincidences of two events that happen at some time t and
a delayed time t + τ , normalized to the joint probability distribution. Specifically, the
two events refer to the intensity of light at two times, I(t) = E∗(t)E(t) and I(t + τ) =
E∗(t + τ)E(t + τ), respectively. Considering the intensity functions of light as vectors in
Hilbert space and applying Cauchy-Schwarz inequality, we obtain that for the results of N
measurements of the intensity:

(
I(t1) + I(t2) + ...+ I(tN)

N

)2

⩽
I(t1)

2 + I(t2)
2 + ...+ I(tN)

2

N
(2.7)

Therefore, we have ⟨I(t)⟩2 ⩽ ⟨I(t)2⟩, which sets a bound at zero time delay (τ = 0)
that g(2)(0) ⩾ 1. Note that a classical picture cannot explain events where g(2)(0) < 1,
but these do occur, for example, with Fock states. In this case, Eq. 2.6 can be written in
terms of creation and annihilation operators:

g(2)(τ) =
⟨a†(t)a†(t+ τ)a(t+ τ)a(t)⟩
⟨a†(t)a(t)⟩⟨a†(t+ τ)a(t+ τ)⟩

(2.8)

Using the above equations, one can show that g(2)(0) = ⟨n(n−1)⟩
⟨n⟩2 = ⟨n2⟩−⟨n⟩

⟨n⟩2 . With this
expression, one can calculate the second-order correlation at τ = 0 for the different types of
light, as summarized in Table 2.1. Experimentally, second-order correlations are measured
using a Hanbury-Brown and Twiss (HBT) setup [39] with one 50:50 beam splitter and two
detectors, as shown in Figure 2.2. When a series of photons enter one port of a beam
splitter, each photon has an equal chance of being directed to either detector 1 or detector
2. A counting module is connected to the two detectors to register each detection event.
If the source emits only one photon at a time, the detection at one detector triggers a
timer ("start"), while the subsequent detection at the other detector serves as a "stop"
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Light g(2)(0) Phenomena
Thermal light 2 Bunching
Coherent light 1 Uncorrelated
Ideal single-photon 0 Antibunching

Table 2.1: A summary on g(2)(0) values for ther-
mal light, coherent light and ideal single-photon
source.

Photons

Detector 1

Detector 2
50:50

beam spli er

Coun ng

module

Figure 2.2: An illustration of the
HBT setup.

signal. The counting module records coincidences as a function of relative delay between
detection events in the two detectors. Consequently, at zero time difference, ideal single
photons cannot be registered at both detectors, leading to g(2)(0) = 0.

In addition to single-photon purity, indistinguishability and coherence also lie at the
heart of photon-based quantum technologies [40, 41]. Photons are, in general, charac-
terized by the degrees of freedom, including temporal and spatial modes, frequencies (or
wavelengths) and polarization. Two photons are said to be indistinguishable when they
carry the same properties [42]. Experimentally, this is quantified by the visibility in a
two-photon interference (TPI) measurement. When two photons are sent into two ports
of a 50:50 beam splitter, they should always exit at the same port if they are perfectly
identical, otherwise, the two photons may exit from different ports, as illustrated in Figure
2.3. This is known as the Hong-Ou-Mandel effect [43, 44, 45, 46].

Photon 1

Detector 1

Detector 2

50:50

beam spli�er

Photon 2

Detector 1

Detector 2

50:50

beam spli�er

Photon 1

Photon 2

Detector 1

Detector 2

50:50

beam spli�er

Photon 1

Photon 2

Detector 1

Detector 2

50:50

beam spli�er

Photon 1

Photon 2

(a) (b) (c) (d)

Figure 2.3: The four possibilities for two photons being captured by two detectors after
entering the 50:50 beam splitter. If the two photons are non-identical, cases (a), (b), (c)
and (d) have an equal probability of happening; however, if the photon 1 and 2 are perfectly
indistinguishable, outcomes (c) and (d) will destructively interfere and no coincidences will
be registered.
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Next, photon coherence is defined as the stability of the photon’s phase over time,
where a more stable phase means a higher coherence to ensure a higher degree of indis-
tinguishability. Mathematically, the coherence is expressed by the normalized first-order
correlation function:

g(1)(τ) =
⟨a†(t)a†(t+ τ)⟩

⟨a†(t)a(t)⟩
(2.9)

According to the above, the coherence time is then defined as the time over which a
photon maintains a certain phase. One method to obtain information on coherence is to
perform an interference measurement using a Michelson interferometer, as described in
detail elsewhere [47]. In this thesis, however, I will focus on investigating the sources of
the decoherence processes through linewidth measurements. If the photon emitted from
a quantum emitter has a long coherence time, it will have stable energy and present as
a sharp peak in the dot emission spectrum. In other words, the linewidth of a photon
is inversely proportional to its coherence time, meaning that a narrower linewidth corre-
sponds to a higher degree of coherence. Therefore, decoherence in photon emission will
result in a broadening in the linewidth. The broadening mechanisms of the linewidth vary
across different sources. In the following section, I will present one of the most representa-
tive single-photon emitters: semiconductor quantum dots, introducing their electronic and
optical properties.

2.3 Background of semiconductor quantum dots

Quantum dots are known as semiconductor artificial atoms whose optical properties are
strongly size-dependent, a phenomenon resulting from the quantum confinement effect
[48, 49, 50, 51, 52]. The critical size for observing such an effect originates from the
Heisenberg uncertainty principle. Consider the simplest case where a particle with mass
m is restricted to move in one dimension, then the relation between the uncertainty in the
position ∆x and the momentum ∆px satisfies:

∆x ·∆px ⩾
ℏ
2

(2.10)

The kinetic energy due to the confined motion can be estimated by ∆px that
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Econfined ≈
(∆px)

2

2m
≈ ℏ2

2m(∆x2)
(2.11)

In the classical regime, the equipartition theorem states that particles in a thermal
equilibrium system have a continuous energy spectrum evenly distributed in all degrees of
freedom [53], expressed as

Ethermal =
kBT

2
(2.12)

Therefore, when the confinement energy is greater than the thermal energy, the size
of the confinement will have a significant impact on the energy of the system due to the
presence of discrete energy levels [54, 55]. The critical value is then given by:

∆x ⩽

√
ℏ2

mkBT
≈ λDB (2.13)

where λDB is the De Broglie wavelength. In this case, quantum dot systems can be
analogous to the problem of a "particle in a box", where the nanoscale semiconductor
materials offer confinement of the spatial motion of electrons and holes. Depending on the
structure, the confinement can be zero to three-dimensional and the energy distribution
(or the density of states (DOS)) can vary [54], as is shown in Figure 2.4. The bulk material
has a density of states proportional to the square root of energy. In the case of a quantum
well, a lower bandgap material is embedded in a bulk with a higher bandgap, resulting in
discrete energy levels in the vertical direction. With further constrain in the lower bandgap
material, the motion of electrons/holes is restricted in two dimensions (case of quantum
wire in Figure 2.4). In this case, the DOS is inversely proportional to the square root of
energy levels. Finally, quantum dots with confinement in all dimensions lead to discrete
energy levels in all directions.

2.3.1 Confinement in quantum dots

Typically in the III-V semiconductors, the spin-orbit interaction can be significant when
containing materials with relatively heavy atomic mass, leading to a coupling between the
electron spin (s) and the orbital angular momentum (l). The Hamiltonian of such an
interaction then takes the form [56]:
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Figure 2.4: Different structures with 0, 1, 2, and 3-D confinement with their corresponding
density of states. In the case of a quantum well and a quantum wire, H(E − Ei) is the
Heaviside step function which indicates the levels of quantized energy.

Hso = λl · s (2.14)

where λ is the coupling constant. Eq. 2.14 therefore has eigenstates of total angular
momentum j and the component being projected on the z-axis jz. In III-V semiconductor
bulk materials, the bottom level of the conduction band has s-like symmetry with l =
0. Together with s = ±1/2, the total angular momentum for the ground level in the
conduction band is then j = l + s = ±1/2. However, the situation in the valence band
is more complicated as the top level of the valence band has p-like symmetry with l = 1.
Thus the total angular momentum for a hole state can be j = l ± s = 3/2 or 1/2. One
can see from here that the spin-orbit interaction splits the top valence band into two. The
one with j = 1/2 is called the split-off band and is typically hundreds meV below the j =
3/2 band. Moreover, the j = 3/2 band consists of a heavy hole (HH) band with jz = ±3/2
and a light hole band (LH) with jz = ±1/2 [56], which are degenerate at the Brillouin
zone centre (Γ). Figure 2.5(a) shows a typical band structure of III-V semiconductor bulk
materials. The energy band gap and the separation between the bands depends on the
materials, the crystal structures and the strain.
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For a strongly confined system, as in a quantum well with sufficiently strong confinement
in the ẑ-direction, the degeneracy of the j = 3/2 band will be removed, separating the
LH and HH bands by tens of meV [57, 58]. This means that only the HH is confined,
whilst the LH band is found at higher energies and can be neglected. This is the case for
the quantum dots studied here, which are strongly confined in ẑ with a height of a few
nanometres. Therefore, when considering a quantum dot, the lowest energy confined levels
can be discussed in terms of an s-type electron level and a heavy hole subband. Finally,
the lateral confinement of the quantum dots from reduced in-plane dimension further splits
these states into s-, p-, and d-shells, as shown in Figure 2.5(b).

In general, the energy levels in a quantum dot can be expressed as:

El =
π2ℏ2

2m∗

(
l2x
w2

x

+
l2y
w2

y

+
l2y
w2

y

)
(2.15)

where li = 0, 1, 2, etc. are the quantum numbers for each dimension wi with i = x, y, z.
And m is the effective mass of the carrier. Consequently, we can obtain the spin states of
electrons: |1/2, 1/2⟩ , |1/2,−1/2⟩, and the heavy holes: |3/2, 3/2⟩ , |3/2,−3/2⟩. In terms
of total angular momentum, we have |↑⇑⟩ , |↑⇓⟩ , |↓⇑⟩ , |↓⇓⟩ with single arrows indicating
the electron spin states and the double arrows representing the hole states.

(a) (b)

CB

VB
HH

LH

Split-o� band

Direct band gap

kΓ

Bulk

s

p

d

s
p

d

z

Quantum Dot

Figure 2.5: Schematic band diagram of (a) a III-V semiconductor bulk material in k-space
and (b) a quantum dot with s-, p- and d-shells in the ẑ direction.

By populating the energy levels using a laser, optical transitions can occur through re-
laxation and recombination. Specifically, if we use the laser to excite the system above the
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bulk material bandgap, the electrons in the valence band will be excited to the conduction
band by absorbing photons with energy greater than the band gap, leaving behind posi-
tively charged holes in the valence band. These freely moving electrons and holes can be
individually trapped in the quantum dot and radiatively recombine within sub-nanoseconds
to a few nanoseconds to emit a photon. Due to the conservation of angular momentum,
optical transitions are only allowed for the states with the total angular momentum of
±1, which are |↑⇓⟩ and |↓⇑⟩. They are also called the "bright excitons", resulting in the
emission of photons with right- or left-hand circular polarization. The other two, |↑⇑⟩ and
|↓⇓⟩ are referred to as "dark excitons", meaning that they tend to be optically inactive due
to weak interaction between electronic spin and photons. They can be visible, however,
if one of the spins is flipped when an external field, such as a magnetic field, is applied,
allowing radiative recombination to occur.

With different charge and spin configurations in the s-shell, the Coulomb interactions
are different, leading to different binding energies. A maximum of two electrons and two
holes can be held in the ground state (s-shell). Based on the Pauli exclusion principle, Fig-
ure 2.6 illustrates the possible excitonic complexes: the positively and negatively charged
exciton (X+ and X−), the neutral exciton (X) and the biexciton (XX).

CB

VB

s-shell

s-shell

p-shell

p-shell

��
−

� ��

Figure 2.6: Illustration of different charge complexes, where the electrons (solid arrows)
are found in the s-shell conduction band and the holes (hollow arrows) are found in the
s-shell valence band. The charged excitons are formed by either two electrons and one hole
(X−) or two holes and one electron (X+). A neutral exciton consists of one electron and
one hole, whilst two electrons and two holes form a biexciton.

i. Fine structure splitting and linewidth of excitonic complexes

The charged excitons have either antiparallel electron spins or hole spins which form spin-
singlet states that suppress the electron-hole interaction. The emission from the charge
excitons is then achieved by decaying directly to the ground state with either a single

13



electron or a single hole, each through a single decay path. The neutral exciton is composed
of one electron and one hole, in the form of |↑⇓⟩ or |↓⇑⟩. The two states are, in principle,
degenerate for a quantum dot with perfect symmetry around its growth axis. In practice,
however, an asymmetry in the confining potential from some anisotropy in the system will
lead to a fine structure splitting (FSS). Lastly, the biexciton formed by two electrons and
two holes will decay to one of the neutral exciton states by emitting an electron-hole pair.
Therefore, it also exhibits a splitting in the emission peak.

Such splittings can be observed as two emission peaks with an energy difference ranging
from a couple µeV to a hundred µeV, which depends on various dot structures as well as
the effect of external fields [59].

|

|0

|

|���
FSS

|��

|���

|��

Figure 2.7: Schematic of the biexciton-exciton cascade in the presence of a FSS in the
intermediate state.

As mentioned in the previous section, the linewidth of an emission peak from the
single-photon source is inversely proportional to the coherence time. In quantum dots, the
linewidth of excitonic emission can be expressed as [60]:

γ =
1

T2

=
1

2T1

+
1

T ∗
2

(2.16)

where T2 is the coherence time, T1 is the exciton radiative decay lifetime and T ∗
2 is

the pure dephasing time. Note that without the presence of a decoherence process, i.e.
1/T ∗

2 = 0, the linewidth reaches the transform-limited value. Therefore, by investigating
the broadening of the photon linewidth, we are able to gain insights into the decoherence
of the photon generated by the source.

As a direct result of the Heisenberg uncertainty principle (∆E∆t ≥ ℏ), the emission
peak of an excitonic complex exhibits a finite width in the energy spectrum, which is limited
by its radiative lifetime. This is known as the zero-phonon line (ZPL), and the peak has
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a Lorentzian shape. While the peak with natural linewidth originates from the intrinsic
energy difference between the excited and the ground state, as well as the decay mechanism
in the device, the interactions with its environment inevitably broaden the ZPL. In general,
there are several factors that lead to either inhomogeneous or homogeneous broadening of
the ZPL.

Inhomogenous linewidth broadening is caused by, for example, the charge noise, the
spin noise, and inelastic phonon scattering. Due to imperfect material, defects may ex-
ist in the bulk material to trap the electrons introduced by the laser pump, leading to
a time-varying electric field. Moreover, atomic nuclei carry spin which fluctuates due to
thermal or spin-spin interactions and can cause changes in the local magnetic field. The
optical transitions of the quantum dot are, therefore, influenced by these sources of noise
and the emission energy fluctuates around the central peak. This is referred to as spectral
wandering or spectral diffusion [61], which is the main source of linewidth broadening at
cryogenic temperatures. The extent of such effect depends on the excitation power [61] as
shown in Figure 2.8(a), the excitation method [60, 62], as well as the sample fabrication
[63, 64]. Effects of phonon scattering may also play a role in energy shifts in the emission
spectrum. Even at low temperatures, longitudinal acoustic photons can be absorbed or
emitted during the exciton recombination process, referred to as inelastic phonon scatter-
ing. This leads to additional photon emissions at either higher (from absorbing phonons) or
lower (by emitting phonons) energies than the radiative recombination energy, appearing
as two side lobes around the emission. These are known as phonon sidebands as indicated
in Figure 2.8(b).

Furthermore, pure dephasing due to elastic scattering of the phonon can lead to homo-
geneous broadening of the linewidth. With increasing phonon energy at a higher temper-
ature, the coupling strength between the excitons and the phonons becomes greater. As
a result, a linear [65] or a non-linear [66] increase in linewiths is typically observed in the
emission from the quantum dot system. Figure 2.8(c) shows a strongly non-linear increase
in linewidth as a function of temperature, measured on a nanowire quantum dot. Previous
work has shown that such behaviour can be modelled by incorporating the independent
boson model with two types of competing exciton-phonon coupling mechanisms, namely
the deformation potential coupling and the piezoelectric coupling [1].

2.3.2 Types of quantum dots

Quantum dots can generally be categorized into two types based on the confinement meth-
ods: gate-defined quantum dots and material-defined quantum dots.
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Figure 2.8: Examples of the linewidth broadening mechanisms: (a) inhomogeneous
linewidth broadening due to increased excitation power, measured at 4K (adapted from
[1]); (b) PL spectrum plotted in a semi-log scale showing the phonon sideband; (c) homo-
geneous linewidth broadening due to increased temperatures.

As the name implies, the gate-defined quantum dots precisely control the potential
of the dot and the number of electrons confined in the dot by manipulating the voltage
applied to the gate electrodes. Top-down approaches such as electron-beam lithography
are typically employed to fabricate these dots. To characterize such devices, transport
spectroscopy is used to measure the tunnelling currents through the dots. Based on the
flow direction of the tunnelling current, they can be categorized as vertical or lateral dots
[67], as shown in Figure 2.9(a) and (b), respectively. An example of vertical dots is given
by Tokura et. al [2], who used a double-barrier heterostructure (DBH) to fabricate a
pillar-shaped InGaAs/AlGaAs dot, sandwiched in thick layers of n-doped GaAs acting as
drain and source. A side gate is additionally placed around the DBH pillar, allowing a
reduction in both the quantum dot size and number of electrons, when a negative voltage
is applied. The lateral quantum dots, however, are usually built upon the principle of a
two-dimensional electron gas (2DEG) formed between a GaAs and an AlGaAs layer where
electrons are only allowed to move in-plane [68]. At the surface of the heterostructure, the
gates are fabricated with the source and the drain electrodes being applied on the right
and left sides of the dots. When a negative voltage is applied, electrons can be depleted or
added in a fully controlled manner [69].

On the other hand, the material-defined quantum dots are grown using a bottom-up
technique, mostly through epitaxy. One traditional example is self-assembled dots, formed
during the growth of lattice mismatched layers [70]. This growth technique, known as
Stranski-Krastanov (S-K) growth, starts by depositing a single-crystalline III-V or II-IV
semiconductor material on a monolayer substrate to form a strained 2-D layer (so-called
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(a)

(b)

(c) (d)

Figure 2.9: Some examples of dots: (a) Vertical, gate-defined quantum dot, adapted from
[2]; (b) Lateral, gate-defined quantum dot, adapted from [3]; (c) AFM image showing a
top-view of self-assembled S-K quantum dots with high (upper panel) and low (lower panel)
dot density, adapted from [4]. (d) An example of cooperating self-assembled quantum dots
in a photonic cavity, adapted from [5].

wetting layer). The strain is accumulated as the layers are added until it is sufficiently
large and they are energetically favourable to nucleate 3-D islands. Figure 2.9(c) shows an
atomic force microscopy (AFM) image of a top view of quantum dots grown using the S-K
method [4]. The upper panel shows a larger number of randomly nucleated dots within a
certain area, indicating a higher surface density, whilst the lower panel shows a much lower
density with a few dots presented within the same area. Optical measurements are typi-
cally performed on such dots to examine their performance as non-classical light sources,
regarding the brightness, two-photon indistinguishability and single-photon purities.

One of the disadvantages of the S-K emitters is the low collection efficiency due to the
high index of refraction of the host material. Total internal reflection can occur, limiting
the amount of light emitting out of the samples and being collected from above. The most
common solution to address this issue is to incorporate the dots within photonic cavities.
Figure 2.9(c) shows an example of embedding the quantum dot in a circular Bragg grating,
which significantly improves the spontaneous emission rate of the emitters through Purcell
enhancement [5]. While a Purcell factor of 4 is achieved, spatial overlap between the
emitter and the cavity mode can be technically challenging.

Therefore, quantum emitters with high spontaneous emission rates and optical mode
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coupling efficiencies are desired for future applications. Starting from the following section,
a nanowire-based quantum dot system will be introduced and presented in detail.

2.4 Nanowire-based quantum dots

The previous section briefly introduced various types of quantum dots defined by gates or
materials. While the conventional S-K dots are widely studied, including their incorpora-
tion within photonic structures, the random nucleation may limit their optical performance.
To address this, this work will focus on a position-controlled quantum dot system, namely
nanowire-wire quantum dots. Particularly, this device is made of a disk-shaped indium
arsenide (InAs) quantum dot embedded within an indium phosphide (InP) nanowire core
with the same diameter as the dot. This core is clad with an InP shell to form a photonic
nanowire waveguide.

The following section will discuss the details of the growth technique of InAs/InP
nanowire quantum dot devices. Additionally, the generic optical characterization of the
emitters will be presented, including the source efficiency in relation to the waveguide
geometry, the photoluminescence (PL) spectra, and the single-photon purity of the source.

2.4.1 Growth methods

Prior to the growth of the nanowire, patterned substrates are prepared. To begin with, a
20 nm thick silicon dioxide (SiO2) mask is deposited on a (111)B surface of an InP wafer,
followed by spin-coating of an e-beam compatible positive photoresist. E-beam lithography
is then utilized to create arrays of circular patterns through which the SiO2 is subsequently
wet-etched in buffered hydrofluoric acid to form openings. As a result, the InP substrate
is exposed exclusively through the openings, providing growth selectivity. This means that
no parasitic growth occurs on the SiO2 mask, allowing for better control of the growth
process. The thickness of the SiO2 mask and the etching time determine the diameter
of the openings in the mask, which assists in defining the base diameter of the nanowire
waveguide. Afterwards, a thin layer of gold is deposited on top, and the openings in the
photoresist allow the Au particles to settle on the InP substrate. The diameters of the Au
particles typically range from 5nm to 20 nm, depending on the thickness of the gold layer,
and will define the diameter of the nanowire core and the quantum dots. A cross-section of
the layered substrate with openings is shown in the left panel of Figure 2.10. The patterned
substrate is finished by a lift-off process to remove the resist and the gold layer, leaving
the Au nanoparticles to sit inside the holes, as shown in the right panel of 2.10.
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Figure 2.10: The substrate preparation before growing the nanowire quantum dots. The
left figure shows a cross-sectional area of a patterned substrate, before the lift-off process.
The right figure shows the cross-sectional illustration of a finished one after lift-off, which
only consists of a masked InP substrate with Au particles sitting in the middle of an
opening.

The growth technique, in a generalized term, is called nanoparticle (Au) catalyzed
selective-area vapour-liquid-solid (SA-VLS) epitaxy [71]. This is carried out using chemical-
beam epitaxy (CBE) with trimethylindium (TMI), phosphine (PH3) and arsine (AsH3) as
sources of In, P and As, respectively. The devices are grown in two steps. In the first
step, a nanowire core with a section of quantum dot is grown using VLS epitaxy. In this
process, the material is only incorporated at the metal/semiconductor interface. As such,
the growth is axial, and the diameter of the core is given by the diameter of the gold
catalyst. The VLS growth is promoted using appropriate growth conditions, namely low
sample temperature (∼ 435◦C) and lower group V flux. First, an InP base of the nanowire
core is grown by introducing TMI and PH3 into the reactor. After the growth of ∼1µm
InP, a section of InAsxP1−x quantum dot is grown by switching from PH3 to AsH3 gas. The
thickness of the dot will affect the vertical confinement of the charge carriers and can be
controlled by the growth time of the section. After a desired amount of time, the PH3 gas
is introduced back into the reactor and AsH3 is evacuated, leading to a finished nanowire
core with a typical height from 4 to 5µm, as depicted in Figure 2.11(b).

In the second step, the nanowire core is clad with a shell of InP, as shown in Fig-
ure 2.11(c). This radial growth is promoted using different growth conditions: a higher
temperature and higher group V flux, i.e. the SA growth mode. This shell defines a waveg-
uide that is required to confine a mode into which the quantum dot can effectively emit.
Through careful control of these two growth modes (i.e. by not completely suppressing
the VLS mode during the growth of the cladding), the nanowire waveguide can be grown
with a tapered tip. The overall height of the tapered nanowire is around ∼ 20µm. The
inset of Figure 2.12(a) shows a top view of one nanowire. Hexagonal layers with decreasing
diameters can be observed, indicating the tapering to the tip. The finished samples consist
of 10 by 10 arrays of nanowires, as shown in Figure 2.12(b).

It is worth noting that the crystal structure, the composition of the binary III-V material
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(a) (b) (c)

Figure 2.11: Schematics of the growth steps of the nanowire quantum dot devices. (a)
illustrates the patterned substrate with a gold particle sitting at the centre of the opening.
The SEM image at the bottom shows a top view of the prepared substrate. (b) The growth
of a nanowire core with a dot embedded in the middle. The SEM image shows the core
and a transmission electron microscopy (TEM) image on the side shows the QD section.
(c) The growth of nanowire cladding with a tapered tip is shown in the drawing at the top
and the SEM image at the bottom.

and the geometry of the waveguide, work complementarily to affect the optical performance
of the device. Particularly, a defect-free sample is preferred as the defects in the nanowire
can lead to energy shifts due to the presence of trapped charges. In the nanowire quantum
dot samples, traps and defects can exist within the InP core-shell structure and at the
sidewalls of the waveguide. The bottom-up epitaxial growth can introduce impurities and
defects in both the nanowire core and the surrounding shell, resulting in, for example,
shallow donor and acceptor (D-A) levels. Moreover, stacking faults (SF) is a common
problem in VLS growth. These are crystal phase transitions between small sections of
zincblende (ZB) crystal phase and the predominant wurtzite (WZ) structure. The band
alignment of these two crystal phases can also act to trap carriers.

Furthermore, the coupling efficiency to external optics relies significantly on the aspect
ratio and the tailoring of the nanowire waveguide geometry. A more detailed discussion of
the source efficiency and related optical properties is presented in the following section.
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(a) (b)

Figure 2.12: SEM images of the nanowire quantum dot sample. (a) A single nanowire
viewed at 40◦ showing a tapered tip. The inset shows a top view of the nanowire, indicating
the hexagonal-shaped nanowire core and cladding; (b) An array of nanowire quantum dots,
pitched at 7.5µm.

2.4.2 Source efficiency

One desirable property of solid-state quantum light emitters is that they can be made
highly compatible with single-mode channels, such as optical fibres for long-distance ap-
plications or integrated waveguides for on-chip processing [72]. In the nanowire quantum
dot system, the mode in which the quantum dot emits is the fundamental waveguide mode
HE11 confined by the nanowire. Such a mode is preferred as the maximum collection can
be achieved with single-mode (SM) fibres.

In this case, we define the source efficiency (η) as the percent of the photons emitted
from the dot and being collected at the first lens. By assuming that the internal quantum
efficiency of the dot is 100% (i.e. the dot will emit a photon every time it is excited), the
source efficiency depends on the fraction of the spontaneous emission from the dot into the
fundamental waveguide mode, HE11 (βHE11):

η = αβHE11 ; βHE11 =
ΓHE11

ΓHE11 + γ
(2.17)

where α is the fraction of photons collected into the desired external channel, which
is maximized at 50% as we assume half of the photons emitted by the QD are guided
upwards while the rest are to the substrate. ΓHE11 is the spontaneous emission rate from
the dot into the HE11 mode and γ refers to the spontaneous emission rate into all other
modes. Finite-difference time-domain (FDTD) simulation of emission rates ΓHE11 , γ, and
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the coupling efficiencies βHE11 as a function of normalized waveguide diameter, D/λ, have
been done in the past [73] and are plotted in Figure 2.13. Calculated results show that
βHE11 remains 97% over a large range of D/λ values.
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Figure 2.13: Left axis: Results of FDTD simulations of the emission rate into HE11 (ΓHE11)
normalized to the bulk Γbulk and into all other modes (γ) as a function of normalized
waveguide diameter (D/λ). Right axis: Results of FDTD simulation of the dot to HE11

coupling efficiency, βHE11

Within the presented range of D/λ values, we prefer both a maximized spontaneous
emission rate, ΓHE11 , and coupling efficiency, βHE11 . One can notice from the plot that a
high βHE11 is obtained for 0.2 < D/λ < 0.3, whilst it is limited at large waveguide diameter
by emitting into other modes, and at lower diameter by a small overlap with the dot dipole.
Lastly, the requirement on the sources to operate at a high repetition rate gives the best
choice for a normalized waveguide diameter of D/λ ≈ 0.24. Overall, this simulation not
only provides an insight into the relationship between optical mode coupling and the size of
the InP nanowire but also sets a boundary on the waveguide diameter for optical efficiency
optimization.

2.4.3 Quantum size effect on the emission energies

After discussing the dependence of collection efficiency and emission rate on the waveguide
geometry, I shall discuss the impact of quantum dot dimensions on their optical emission
energies. In Eq 2.15, it is easy to notice that energies are discrete and directly related
to the size of the quantum dot, which implies that the emission wavelength can be tuned
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by changing the dot confinement. Indeed, a comprehensive study by Cygorek et. al in
[74] presents the influence of the atomistic structure on the optical properties of nanowire
quantum dots. In particular, the energy gap is larger for the thinner dots, leading to
a blue-shift in emission wavelength. The energy splitting between the laterally confined
s- and p-type states is, however, strongly dependent on the diameter of the dot where
a smaller diameter will result in a larger splitting. Therefore, changing the size and the
aspect ratio of the dots not only allow us to tune the ground state emission from 890 nm
to 980 nm, but also control the number of confined states.

In the following, I will describe three different quantum dot structures that were studied,
labelled A, B, and C. Figure 2.14(a) shows the schematic geometries of the three samples
and Figure 2.14(b) shows the corresponding band structures. Table 2.2 summarizes the
AsH3 flow used, the height (Hdot) and the diameter (Ddot) of the dots from each sample. All
the dots are located in the core 1µm above the substrate and embedded in a waveguide with
base diameter DB ≈ 250nm. In sample A, the dots with 20% As concentration, diameters
of ∼20 nm and heights of ∼10 nm are targeted. In this case, the confined orbitals are
typically s, p, and d-shells [75]).

Sample AsH3 concentration (% of the
full scale of the flow) Hdot (nm) Ddot (nm)

A 20% 5 20
B 11% 10 10
C 11% 5 10

Table 2.2: A summary of the AsH3 flow and the dot dimensions of three nanowire quantum
dot samples shown in Figure Figure 2.14.

In sample B, a thinner Au layer was deposited compared to sample A, resulting in
a nanowire core with a smaller diameter. Additionally, a lower As concentration (<20%)
with a longer growth time is used to grow the dot. The dots from this sample are, therefore,
expected to have a larger band gap as well as larger s-p splitting according to [74], as shown
in Figure 2.14(b). Lastly, in sample C, the As concentration and the diameter of the dot
was kept as in sample B but the dot growth time was halved, leading to a smaller dot
(Hdot ∼5 nm) and corresponding larger energy gap. Using this dot geometry, it is expected
that only the s-shell is confined.

The emission energies are manifested through micro-PL measurements. The spectra
of three dots, one from each sample, taken with the above-band excitation, are shown in
Figure 2.15. More details on how these spectra were taken will be discussed later. Here,
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using an excitation power saturating the s-shell emission, it is easy to notice that the ground
state emissions shift to shorter wavelengths (i.e. higher energy) for the smaller dots with
lower As concentration. For all these samples, no clear signs of a broad feature around
860 nm typically associated with recombination from shallow D-A levels are observed. We
obtain an s-p splitting of around 30 meV in the dot from sample A and around 60meV
in sample B. However, no p-shell emission is observed in the dot from sample C, which
is consistent with the predicted result discussed above. On top of the dot emission, some
other emission features are present in samples B and C. Stacking faults that arise from
the inserts of ZB crystalline phase between the WZ phase result in emissions ranging from
∼840 nm to ∼860 nm that varies from nanowire to nanowire. The emission from bulk ZB
InP at ∼875 nm, is also observed in sample C [73].

One key requirement in producing scalable single-photon devices for long-distance ap-
plications is compatibility with fibre networks. Therefore, it is ideal to push the emission
into the telecom O-band (1260 ∼ 1360 nm) and C-band (1530 ∼ 1565 nm), where the signal
attenuation is minimized. In the nanowire quantum dot system, it is difficult to achieve
an As concentration in the dot required for telecom emission without sacrificing source
performance, in particular brightness [76]. An alternative route to achieving telecom emis-
sion is to employ a dot-in-a-rod (DROD) structure. This is achieved by growing a section
of InAsyP1−y, (a "rod"), both prior to and after the growth of InAsxP1−x dot [77, 6, 78].
A schematic of such a design with the corresponding band structure is shown in Figure
2.16(a). For the DROD structure, a large cladding, base diameter ∼310 nm, was used
for optimizing the collection and the emission rate (see Figure 2.13). Previous work has
demonstrated that by employing such a dot structure and waveguide geometry, the emit-
ters can operate in the telecom O-band at a count rate over 1Mcps when excited at 80 MHz
using a pulsed laser [6]. In Chapter 4.4, I will present the details of the growth technique
and the optical characterization of the dot emitting in the telecom C-band, incorporating
the DROD structure.
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(a)

(b)

Figure 2.14: Various geometries of quantum dots in nanowire waveguides. (a) shows
schematics of the samples with waveguide dimensions based on SEM images. The lower
table shows simplified band structures, corresponding to each sample.
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Figure 2.15: The PL spectra of each sample listed in Figure 2.14. Due to the different
geometries, the wavelengths of the dot emission shift from below 900 nm to around 975 nm.
No p-shell emission is observed in sample C (the orange line), consistent with the band
structure as shown in Figure 2.14. Additionally, the s-p splitting in sample B (in green) is
larger than that in sample A (in blue) due to a smaller dot diameter in the latter.
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Figure 2.16: (a) Schematic of a dot-in-a-rod structure and band diagram used for quantum
dot emission at telecom wavelengths. (b) Count rate as a function of excitation power from
an O-band emitter (see inset) grown using the DROD approach, adapted from [6].
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Chapter 3

Experimental Methods

Above-band

excita�on laser

P-shell
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Figure 3.1: An overview of the micro-PL setup with different excitation schemes. The
coloured lines indicate the fibre connections with either SM fibres (yellow) or PM fibres
(blue). The cage systems for non-resonant excitation and for resonant excitation using
polarization rejection consist of free-space optics. A fibre-based tunable filter is used under
a non-excitation regime to isolate a single emission line.

In this chapter, I will discuss the equipment and the experimental methods that are
used in the optical measurements. Figure 3.1 shows an overall experimental setup. In
general, a half-fibre-half-free-space optical setup is used in the experiments, where lasers are
guided through SM or polarization-maintaining (PM) fibres to free-space optics and used
to excite the quantum dots. The dot emission is then coupled back into fibre and routed
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to various detection systems to conduct the measurements such as PL spectroscopy, high-
resolution photoluminescence (HRPL), time-resolved photoluminescence (TRPL), auto-
correlation measurements, and two-photon interference. In these measurements, three
excitation schemes are implemented through two distinct free-space setups, shown as Setup
1 and Setup 2 in the figure. A Thorlabs cage system is used in the non-resonant excitation
scheme (including the above-band and p-shell excitation) whilst in resonant fluorescence
(RF), additional polarization optics are required to reject the pump laser.

3.1 Cryostat

In the experiments presented in this thesis, the quantum dot samples are cooled below
4Kelvin by using an attoDRY800 helium-based closed-cycle cryostat (see Figure 3.2).
Specifically, the cryostat is integrated into a floating optical table with minimized vibra-
tions between the coldhead and the sample space. The compressor, cold head and vacuum
pumps are located under the table. The vacuum shroud is located above the table and
connected to the cold head via a hole. Inside the shroud, the nanowire sample is mounted
on a piezo-based nanopositioner stack that controls the in-plane motion. The objective is
mounted on the z-positioner attached at the back of the xy positioners. An apochromatic
objective is used which has lower chromatic focal displacement over a broad range of wave-
lengths compared to a simple aspheric lens, making the alignment robust against different
wavelengths. A numerical aperture of NA ≈ 0.81 is chosen to optimize the collection.
While the quantum dot sample space is at cryogenic temperature, the external optics are
set up outside the shroud on the optical table at room temperature.

3.2 Excitation system

Three typical excitation schemes to populate the charge carriers in the quantum dot sys-
tems are above-band excitation, quasi-resonant excitation and strictly resonant excitation,
see Figure 3.3.

Above-band excitation generates charge carriers in the bulk material which are subse-
quently trapped by the quantum dot and relax to the lowest energy levels. The trapped
carriers can form excitons which can radiatively decay and produce photons. This ex-
citation process introduces excitation timing jitter, including carrier capture times and
relaxation times. In addition, the large number of carriers introduced into the system
increases the likelihood of charges trapped close to the quantum dot which can lead to
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Figure 3.2: Schematic of the He-based closed-cycle cryostat integrated with an optical
table. Under the optical table is the cryocooler assembly, and on top of the table is the
vacuum shroud containing both the sample and the objective.

greater spectral wandering. For quasi-resonant excitation, charge carriers are directly ab-
sorbed into the p-shell of the quantum dot, eliminating some of the effects mentioned
above. As the carriers are directly excited inside the quantum dot, the excitation timing
jitter and the fluctuations in charge environment are both reduced. In the resonant exci-
tation regime, the excitation energy is tuned to precisely match one of the transitions, and
a further reduction in charge noise can be achieved. One of the main challenges of this
method is suppressing the excitation laser from the overlapping emission signal as insuffi-
cient rejection raises the likelihood of multi-photon emission, degrading the single-photon
purity.

3.2.1 Optical setups

The excitation-collection setup for the non-resonant excitation is fully established by using
the Thorlabs cage system, as illustrated in Figure 3.4. The fibre-coupled pump laser is
coupled into the cage system through a collimator, a silver-coated mirror and subsequently
on a dichroic mirror. A dichroic mirror is chosen with a cut-off wavelength such that the
laser is reflected and the dot emission is transmitted. Additionally, an imaging system
containing two beamsplitters (BS), one with R:T = 10:90 for directing a white light source
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Figure 3.3: Excitation schemes. (a) Above-band excitation, (b) p-shell excitation, and (c)
resonant excitation. Solid straight arrows indicate the excitation from the laser and dashed
arrows indicate different carrier relaxation processes: (i) relaxation to band-edge; (ii) car-
rier capture into the dot, and (iii) relaxation to the ground state. Carrier recombination
results in the emission of a photon with energy hν.

to illuminate the sample and a R:T = 50:50 to direct the reflected light to a complementary
metal-oxide-semiconductor (CMOS) camera. The imaging system is used to monitor the
substrate, helping with system alignment and ensuring only a single dot is excited at a
time. The two rectangular plate BSs are mounted on the removable inserts that sit inside
two 60mm cage cubes. After the system is well-aligned, these are removed to maximize
the collection during the measurements.

Owing to the difficulty of spectral separation, several methods have been presented to
perform resonant excitation on quantum dots to distinguish the laser and the emission
signal. One example is to set up orthogonal paths for the pump and collection [62, 79],
shown in Figure 3.5(a). In this case, a laser beam is directed in the plane of the quantum
dot sample, allowing the dot emission to be collected perpendicular to the sample surface
while keeping laser light travelling through the plane. However, it is challenging to apply
this technique to the nanowire quantum dot system. First, it is hard to excite the dot from
the side of the nanowire due to technical challenges such as optical alignment. Secondly,
pumping from above the nanowire will result in almost no emission from the side, as the
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Figure 3.4: Schematic of the cage system setup for non-resonant excitation. The red dashed
line indicates the input laser and the blue dashed line indicates the dot emission. The black
cylinder represents the sample space where the both objective and sample are placed inside
the cryostat.

waveguide geometry is specifically designed to direct the mode either upward or downward
along the nanowire, as discussed in the previous chapter. Another example is using two-
photon excitation [80], where the energy of each photon is tuned to half of the biexciton
energy level, (see Figure 3.5(b)). The laser is therefore able to excite the biexciton and
can be optically filtered on the collection path. In this work, we are going to implement a
third technique based on the polarization rejection to realize strictly resonant excitation,
which has been commonly applied by others [81, 82].

The polarization rejection technique is shown in Figure 3.5(c) where a linear polarized
laser with s-polarization is used to excite a quantum dot. Consider the two excitons in
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the dot as two orthogonal dipoles that can emit in two orthogonal polarizations with
random orientation. Depending on the orientation of the dipoles, the laser can excite
one or a combination of the two. However, any polarized photon from the dot whose
polarization is aligned to the laser will be rejected in the collection path. As a result,
optimal signal collection occurs when the dipoles are oriented 45◦ relative to the laser.
This limits collection compared to excitation without polarization-based rejection to 50 %.

Figure 3.5: Three different resonant excitation schemes. (a) Off-axis excitation on the
quantum dot sample. (b) Two-photon excitation to excite the biexciton. (c) Strictly
resonant excitation on a nanowire quantum dot using polarization rejection.

A polarization-rejection setup is established in this work (see Figure 3.6) and is based
on the work done by Warburton’s group [81]. Specifically, a PM single-mode fibre is utilized
for guiding the fibre-coupled laser into the free-space setup. The laser is collimated and
directed by a dielectric mirror to a linear polarizer (LP). The polarization of the laser is
aligned to the s-polarization axis of the polarizing beamsplitter (PBS). The PBS directs
the laser through a zero-order quarter-wave plate (QWP) before going into the cryostat to
excite the nanowire quantum dot. The QWP and two PBSs in the collection path realize
the laser suppression by restricting transmission to the polarization orthogonal to the laser.
The same imaging system as the non-resonant setup is used after the BS to observe the
spot of the reflected laser [7, 82]. Using this imaging, one can verify the system alignment.
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For perfect cross-polarized conditions, one expects the pattern shown in Figure 3.7(a),
whilst for the co-polarized case, the image in Figure 3.7(b) should be observed. The dot
emission is coupled into the PM single-mode fibre, which acts as a spatial filter for further
rejection.

PBSs

NPBS

30R/70T

Laser

Collec�on

PD 1

White Light

Removeable 

imaging system

PD 2

LP

QWP

Camera

Collimator

Collimator

Figure 3.6: Schematic of the experimental setup for RF. The dashed line indicates s-
polarization from the laser (red) and the collected p-polarization from the dot (blue). The
black cylinder represents the sample space where objective and quantum dots are placed
inside the cryostat.

The alignment process starts with the co-linear and confocal configuration of the ex-
citation and the collection paths. For resonant excitation, the collimators for both the
excitation and the collection are set to the emission wavelength. Laser light is sent through
both the excitation and collection arms of the PL setup. The collimators and beam paths
are precisely aligned to achieve perfect overlap and identical focus of both beams on the
sample surface, maximizing signal collection efficiency. The LP is mounted on a piezo
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motor-driven rotator with a minimum incremental move of 1 mdeg and is rotated to align
the laser polarization to the s-polarization of the first PBS by minimizing the transmitted
power using a photodetector (PD 2). A power control setup with a R:T = 30:70 non-
polarizing beamsplitter (NPBS) and PD 1 is additionally set up on the excitation path
before the PBS. A p-i-d control program is used to stabilize any input power fluctuations
induced by the polarization drift of the laser itself. Any birefringence in the optical path
(e.g. from the multicomponent apochromatic objective or the nanowire waveguide geom-
etry) may introduce ellipticity in the polarization. This will result in a degraded laser
extinction ratio. To correct for any induced ellipticity, a QWP is inserted between the
PBS and the cryostat. Rotation of the QWP is used to regain a linear polarized laser
aligned to the s-polarization axis of the PBS.

Figure 3.7: Simulated pattern of reflected in-focus laser that is (a) in the direction of the
incident polarization and (b) perpendicular to the incident polarization, adapted from [7].

3.2.2 Excitation Lasers

In this work, nanowire quantum dots are excited using continuous-wave (CW) and pulsed
lasers. For non-resonant excitation, CW lasers are used for PL spectroscopy, whilst the
time-resolved PL and auto-correlation measurements are performed using a pulsed laser
with a tunable repetition rate. In RF, a pulsed laser was used in combination with a pulse
slicer for both time-integrate and time-resolved PL as well as auto-correlation measure-
ments.
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Above-band excitation

• Thorlab 780 nm CW laser: This is a Thorlabs FPV785P fibre-pigtailed laser
with characterized center wavelength at ∼780 nm. The laser uses a volume holo-
graphic grating (VHG) to stabilize the laser diode, providing narrow-bandwidth
single-frequency operation. This is achieved by placing a transmission grating with
a periodic index of refraction in front of the laser diode output, which only allows
the wavelengths satisfying the Bragg condition to be reflected into the laser cavity
and reinforces the lasing at a specific wavelength. The laser is further installed in a
Newport laser diode mount connected to a current and a temperature control module.

• PicoQuant 670 nm pulsed laser: This device contains an LDH-P-C-670 picosec-
ond diode laser head with a pulse width of less than 70 ps and a maximum repetition
rate of 80MHz, along with a PDL 800-D laser driver. The driver can set the power
from 0.5 to 2mW, and a repetition rate from 5 to 80MHz. It also provides external
trigger output and synchronization output at any repetition rate listed above for
time-resolved PL measurements.

P-shell excitation

• Toptica CTL 950 CW laser: This is a continuously tunable laser with a wave-
length scanning range of 910 ∼ 990 nm and a typical linewidth of 10KHz. It consists
of a laser diode featuring a grating at the output of the semiconductor chip. The
frequency tuning is achieved by adjusting the external grating. To minimize mode
hopping during a wide range of wavelength tuning, the laser uses an active control
loop to both analyze the signals in the laser head and optimize the tuning element.
In this case, the laser can be tuned with an accuracy ∼ 0.1 nm.

Resonant excitation

• Spectra-Physics Mai Tai pulsed laser: This is a Ti:Sapphire mode-locked pulsed
laser, which is pumped by a continuous-wave 532 nm diode laser. The output pulses
have a bandwidth of ∼70 fs and a fixed repetition rate of 80MHz, and is tunable
from 690 nm to 1040 nm in increments of 1 nm.
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3.2.3 Pulse slicer

As the ultrafast pulsed laser is used for resonant excitation, the beam has a broad spectral
pulse width of around 20 nm. In order to reject the laser more easily, a motorized pulse
slicer is used to cut out a narrow bandwidth in the spectral domain from the Mai Tai
output pulses before sending them into the optical setup. In the experiments, an A. P.
E. pulseSlicer is used for fine-tuning the laser wavelength with a precision of 0.001 nm as
well as the spectrum slicing. The wavelength tuning range is 680 nm ∼ 1080 nm with a
minimum spectral bandwidth of less than 0.03 nm at a centre wavelength of 950 nm. Figure
3.8 shows a schematic of the slicer components. The output laser beam from the Mai Tai is
sent into the slicer (red line) and is subsequently dispersed into its wavelength components
using a grating. A motorized slit is used to select the desired part of the spectrum. The
mirror behind the slit reflects the sliced beam back to the grating a few millimetres below
the incoming beam and out to the output iris (blue line). The output beam is coupled to
an SM or PM fibre and delivered to the RF setup.

Figure 3.8: Schematic of the pulse slicer. The red line indicates the laser beam directly
coming out from the Mai Tai, while the blue line indicates the laser beam after the spectral
slicing. The centre wavelength incident on the slit is set by the grating position whilst the
spectral width is controlled by the slit width.
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3.3 Detection system

3.3.1 Filters

With non-resonant excitation, both the reflected laser from the sample substrate and the
emission from the dot will be collected. In order to isolate a single s-shell emission line, two
different fibre-based tunable filters are used in the detection path. For the dots emitting
around 890 ∼ 980 nm, electrically tunable optical filters from WL Photonics Inc. are used.
For the dots emitted at the telecom C-band, a manually tunable filter from EXFO is used.

• WL photonics bandpass tunable filter: The filters have integrated SM fibres as
input and output. When the incoming light is sent into the device, it is diffracted
by an integrated grating and is directed to a movable slit that is driven by a motor.
By connecting to the computer, a python-based graphical user interface (GUI) is
used to precisely control the centre wavelength, the tuning direction and the tuning
steps. Based on the emission wavelengths from the dots, two filters with tunable
ranges of 890 ∼ 950 nm and 920 ∼ 980 nm are used, respectively. Both of them have
a bandwidth of 0.1 nm.

• Exfo XTM-50 ultrafine tunable filter: This filter is used for isolating single
emission lines from telecom quantum dots. It is tunable from 1480 nm to 1620 nm
and has a tunable bandwidth from 4GHz to 80GHz. The filter has integrated mating
sleeves to allow for fibre connections. This device is, however, completely manual and
it requires using a spectrometer to monitor the tuning process.

3.3.2 Spectrometer

For time-integrated PL spectroscopy of the quantum dot emission, a diffraction grating
spectrometer with a 0.75m focal length is used (Teledyne SpectraPro HRS 750), as shown
in Figure. 3.9(a). It contains two entrance ports that are compatible with both fibre-based
and free-space setups, as well as two exit ports that allow for connecting two detectors.
Inside the spectrometer, an interchangeable triple-grating turret is mounted on a rotation
stage. The turret is loaded with three gratings having groove densities of 150 g/mm,
1000 g/mm, 1200 g/mm, allowing different spectral ranges and resolutions. In this work,
only the 150 g/mm, and the 1200 g/mm gratings are used. The 150 g/mm grating has a
blaze wavelength at 1250 nm, and a spectral range of 80 nm, providing a quick glance of
the nanowire device emission across a broad spectral range. The 1200 g/mm grating, is
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blazed at 1250 nm and has a spectral range of around 22 nm with a resolution of ∼ 25µeV,
which offers detailed spectra of the s-shell transitions.

Two detectors are used, depending on the emission wavelength. One detector is a
thermoelectric-cooled charge-coupled device (CCD) with the name brand PIXIS. It is a 2D
array with a size of 1340×100 pixels. The operating temperature is -75◦C to minimize the
dark current. Additionally, it has over 80% quantum efficiency over a broad spectral range
from 400 nm to 930 nm and over 50% efficiency between 930 nm and 950 nm. The second
detector is a nitrogen-cooled linear InGaAs photodiode array with 1024 pixels (PyLon-IR).
This detector has a quantum efficiency greater than 60 % at 1.5µm, therefore, and is used
to measure the PL spectra of the telecom quantum dots.

Figure 3.9: Detection systems. (a) Schematic of the spectrometer. The collected light
is guided through a SM fibre into the spectrometer, and collimated by a concave mirror
(M1) with a focal length of 0.75 m. The collimated beam is then diffracted by one of the
three different gratings (coloured in blue, red and orange) and then focused onto either
the PIXIS or the PyLoN-IR detector by M2 with the same focal length. (b) Schematic of
fibre-based SNSPD with a counting module (TimeTagger).

3.3.3 Superconducting nanowire single-photon detectors

Optical measurements of a single emission line from a quantum dot (e.g. HRPL, TRPL
and auto-correlation measurements) are conducted using superconducting nanowire single-
photon detectors (SNSPDs)1 along with a counting module (TimeTagger), see Figure

1Note that the "nanowire" in the context of SNSPDs refers to thin meanders of superconducting material
and is completely different from our nanowire sample.
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3.9(b). The detectors are comprised on meandering lines of superconducting material
(e.g. NbN) which are cooled to 0.8 K. The lines remain superconducting until a photon
hits the meander to break the Cooper pairs. The disruption forms a hotspot and results
in a resistive barrier. The sudden increase in resistance generates a voltage pulse that
is delivered to the counting module and registered as a photon detection. The resistive
barrier will subside rapidly and the meanders will recover to the superconducting state for
the next photon [83]. The false detections due to noise are defined as dark counts. The
SNSPDs used in the following experiments have jitter time of ∼ 100 ps and dark counts of
100∼300 counts per second.

i. HRPL spectroscopy with a Fabry-Pérot (FP) etalon

Information on the emission linewidth can be extracted using various techniques. For
example, linewidths can be obtained by fitting the emission spectrum with a high-resolution
spectrometer [84] when the emission lines are sufficiently separate from each other and
sufficiently broad to be observed [85]. In recent years, advancements in growth techniques
have enabled the production of high-quality quantum dots with linewidths approaching the
transform limit [86]: ranging from sub-GHz to a few GHz. Consequently, measurement
techniques that have higher resolution and precision are required.

A Fabry-Pérot etalon operates based on multiple-beam interference and can be used
to perform high-resolution spectroscopy. This is achieved by measuring the transmission
peaks from a high-reflective cavity that consists of two parallel mirrors. Figure 3.10 shows
a schematic of such a cavity having two mirrors with reflectivity R, placed in parallel at a
distance L. When light with electric field amplitude E0 is incident on the left mirror at an
angle θ, a portion of the light transmits into the cavity and propagates to the right mirror.
Due to the high reflectivity, only a small portion of the light (E1) transmits through the
mirror whilst the rest is reflected back. Inside the cavity, multiple reflections result in
an equal phase delay between each round trip. The path length difference between the
subsequent output beams can be expressed as:

∆d = 2L cos(θ) (3.1)

The power transmission function (T (ν)) is given by the square of the field transfer
function (H(ν)) which is the ratio between the transmitted amplitude of the optical field
after N roundtrips and that of the incident field [87]:
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Figure 3.10: (a) Schematic of an etalon, with a light beam E0 incident on the left plate.
Multiple reflections happen inside the cavity, indicated by the arrows. The transmitted
peaks after each round of reflection are labelled as Ei where i = 1, 2, 3, 4. (b) An
exemplar transmission as a function of wavelength. The transmission spectrum is measured
by scanning the Toptica CTL laser through the fibre-based FP etalon.

T (ν) = |H(ν)|2 =
∣∣∣∣EN(ν)

E0(ν)

∣∣∣∣2 = (1−R)2

(1−R)2 + 4R sin2(2πν
2c

n∆d)
(3.2)

where ν is the frequency of the light, n is the index of refraction of the cavity2. The
transmitted field is maximized when the path difference between the two consecutive re-
flections matches the integer number of wavelengths. In the case where the light is incident
perpendicular to the input mirror (i.e. θ = 0), Eq 3.2 is simplified to:

T (ν) =
(1−R)2

(1−R)2 + 4R sin2(2πν
c
nL)

(3.3)

The free spectral range (FSR) is defined by the separation between the transmitted
peaks, as shown in Figure 3.10(b). It can be expressed as ∆νFSR = c/2nL. Furthermore,
the full-width half maximum (FWHM) of the transmission peak (i.e. the bandwidth) can
be calculated by using the small angle approximation3:

2Note that it is not the index of refraction for the mirror but the material in between.
3sin(θ) ≈ θ
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∆ν =
c(1−R)

nL
√
R

(3.4)

For the experiments presented in this thesis, precise measurements on linewidths are
performed using a fibre-based scanning Fabry-Pérot etalon, as shown in Figure 3.11. This
device is designed based on the piezoelectric effect. It employs a cavity formed by two
coated fibre ends placed in-plane on a piezoelectric material. When a direct voltage is
applied by the external electronics onto the piezo material, its length will be expanded,
leading to a small change in the cavity length, thereby providing scanning capabilities. By
measuring the transmission with an SNSPD, a HRPL spectrum of a single emission line
can therefore be obtained.

Piezoelectric material

V

Fiber with coa�ng
Cavity lengthInput Output

Figure 3.11: Schematic of the fibre-based etalon used for the linewidth measurements,
composed of two fibres with coated facets facing each other to form the cavity.

ii. TRPL measurements

As mentioned in section 2.3, radiative lifetime is defined as the time it takes for an exciton to
decay radiatively, emitting a photon. Single-photon generation is sequential, meaning that
a new photon cannot be produced until the previous recombination process is complete.
Therefore, a shorter exciton lifetime indicates a higher photon generation rate. To measure
the lifetime, we use the time-correlated single-photon counting (TCSPC) method.

In this measurement, a pulsed laser is used to both excite the quantum dot and generate
a trigger signal for the TimeTagger, initializing the counting event. The arrival of the
photon from a single emission line is then recorded as a "stop" after the laser "start" signal.
By collecting the data from many such detection events, a histogram of photon arrival times
relative to the trigger signal is constructed. Figure 3.12(a) shows an exemplary result from
the lifetime measurements. The radiative decay lifetime can be extracted by fitting the
experimental data with the function [88]:
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I(τ) ∝ e−(τ−τd)/τr

[
erf

(
τ − τd√

2σ

)
+ 1

]
(3.5)

where τd is an offset delay time, τr is the radiative decay time. The erf() is the error
function with a rise time of

√
2σ originating from the instrumental response function and

the excitation timing jitter.

iii. Auto-correlation measurements

From section 2.2, we outlined that single-photon purity is a crucial metric for evaluating
the performance of a single-photon source and that is determined through auto-correlation
measurements. In these experiments, a fibre-based HBT setup is utilized. The isolated sin-
gle exciton emission is passed through a 50:50 fibre BS, directing photons to two SNSPDs.
The TimeTagger records the time delay between one photon being captured by one detector
(used as the "start") and the sequential detection on the other detector (as the "stop"),
which constructs a bi-directional histogram, showing the correlation between detection
events.

When single photons are produced from quantum dots, they can only take one path
through the splitter and so can only arrive at one detector. This means that for a perfect
single-photon source, the probability of detecting photons on both detectors at zero time
delay (i.e. at the same time) is zero. When a CW laser is used to excite the system, one
will observe a gradual decrease in the coincidence counts near the zero delay meaning a
decreasing probability of detecting two photons close to the same time. A dip will therefore
form at the zero delay. If a pulsed laser is utilized, the probability of simultaneously
detecting photons at two detectors is highest at the time of each pulse, resulting in peaks
appearing at intervals that match the repetition rate of the laser.

Figure 3.12(b) and (c) respectively show exemplary simulations of ideal g(2)(τ) mea-
surements under CW and pulsed laser excitation. The fitting functions for the two cases
are expressed as [89, 6]:

g
(2)
CW (τ) = 1− e−|τ |(1/τr+R) (3.6)

g
(2)
pulsed(τ) ∝ g(2)(0)e−|τ |/τr +

∑
n ̸=0

e−|τ+NT |/τr (3.7)
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Figure 3.12: Examples of (a) a lifetime measurement and auto-correlation measurements
under (b) CW excitation or (c) pulsed excitation.

where τr is the radiative decay time, R is the excitation rate, N is the number of pulses,
and T is the pulse period. In Eq 3.7, the first term represents the correlation near zero-
delay, accounting for the possibility of multiphoton detection which can happen in both
above-band and resonant excitation. The second term corresponds to all the side peaks
occurring at ±nT .

iv. Hong-Ou-Mandel interferometry

As mentioned in the section 2.2, the indistinguishability between two photons can be
measured based on the HOM effect and is quantified by the visibility of the two-photon
interference, expressed as [89]:

V (τ) =
g
(2)
⊥ (τ)− g

(2)
∥ (τ)

g
(2)
⊥ (τ)

(3.8)

where g
(2)
∥ (τ) measures the correlation between two interfering photons with the same

polarization and g
(2)
⊥ (τ) measures the correlation when they are cross-polarized. In this

work, this is conducted using a Mach–Zehnder interferometer (MZI) setup involving both
free-space optics and fibre connections, as shown in Figure 3.13.

Using pulsed excitation, a sequence of photons emitted from the dot is launched from a
PM fibre and subsequently split into two paths by a PBS cube. A half-wave plate (HWP
1) is placed in front of the PBS to equalize the intensity between the two paths by rotating
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the polarization. The photons with s-polarization will be reflected and hit the retroreflector
that is mounted on a linear delay stage. These are back reflected from the dielectric mirror,
returning to the PBS through the same path. The QWP in this path is used to rotate
the polarization of the beam from s to p for maximum transmission through the PBS.
On the other path, the photons with p-polarization directly pass through the PBS. The
photons coming from the two paths are then sent into the two arms of the fibre-coupled
BS with another two half-wave plates being placed before the collimators. While one of
them (HWP 2) is used to align the photon polarization of incoming photons to the slow
axis of the PM fibre, the other one (HWP 3) allows for a change of the polarization of the
two interfering photons from parallel to perpendicular to each other. The outputs of the
second BS are connected to two SNSPDs and the TimerTagger as in the HBT setup.

Figure 3.13: MZI setup for the two-photon indistinguishability measurements. The first
half of the setup uses free-space optics with a PBS. The temporal alignment is achieved by
using a delay stage to match the separation of the excitation pulses. The second half uses
a fibre-coupled BS avoiding spatial misalignment of the two interfering photons.

The position of the retroreflector is determined by matching the separation between
sequential pulses. By sending the excitation pulses directly to the input of the MZI, one
can observe the path difference on the time-resolved PL after the first PBS, presenting
as a time delay between two sequences of peaks. To match the delay, we can move the
retroreflector while monitoring the change in one sequence, until the two completely overlap
with each other. The polarization of the two interfering photons is determined by measuring
the outputs of the first PBS on a polarimeter. Ideally, when the interfering photons from
the same emission peak are set to be co-polarized, they are indistinguishable from each
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other and will always exit through the same port, as shown in Figure 2.3. This leads to
g
(2)
∥ (0) = 0. However, if the two photons are cross-polarized, there is only a 50% probability

that they will exit through the same port, hence g
(2)
⊥ (τ) = 0.5. The visibility, V (τ = 0), is

bound between 0 and 1, where 0 indicates perfectly indistinguishable photons and 1 means
that the photons are completely distinguishable.
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Chapter 4

Optical Properties of Quantum Dots
with Non-resonant Excitation

Section 2.4 discussed the growth techniques of nanowire quantum dot samples. In general,
disk-shaped quantum dots embedded within nanowires are grown on patterned substrates,
enabling site-controlled epitaxial growth. The design of the nanowire waveguide can opti-
mize the coupling efficiency of the dot emission into the fundamental mode of the waveg-
uide, allowing efficient collection from the top. Additionally, I have highlighted the effects
of growth conditions on the optical properties, as variations in confinement energy within
the dots result in different emission wavelengths.

In the first half of this chapter, I will provide an overview of the optical properties of
three different quantum dots, each grown under different conditions as detailed in Figure
2.14. By using above-band or p-shell excitation, emission spectra, the radiative lifetimes
and single-photon purities were measured. In this part, the experiments were performed by
me independently, including the dree-space optical setup (see Figure 3.4), the PL spectra,
the TRPL and the auto-correlation measurements. I also analyzed and plotted the data
presented in this part independently.

While the typical design of the nanowire quantum dots realizes tunable wavelengths
from 890 nm up to 1µm, with such dots proven to be promising single-photon sources
[90], it is beneficial to extend the single photon emission to telecom wavelengths for future
applications, such as long-distance communications. In the latter half of this chapter, I will
present a nanowire quantum dot device emitting in the telecom C-band by incorporating a
modified structure, namely the dot-in-a-rod structure. There, an overview of the dot-in-a-
rod growth technique will be provided, followed by the typical optical characterization of
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this sample using only the above-band excitation. These experimental results are covered
in a recently published work entitled Single photon emission in the telecom C-band
from nanowire-based quantum dots [78], where all the work was equally contributed
by Andrew and me.

4.1 Spectroscopy

The PL spectra are acquired using the SpectraPro HRS 750 spectrometer equipped with
a PIXIS detector where the 1200 g/mm grating is chosen for higher resolution. Two exci-
tation lasers are employed for different excitation regimes: the Thorlabs 780 CW laser for
above-band excitation, and the Toptica CW tunable laser for p-shell excitation. By using
the 780 nm CW laser, Figure 4.1 presents the s-shell emission spectra of the dots from
samples A, B and C, each showing multiple peaks under the two excitation powers. The
identification of the dominant peaks is based on the systematic analysis by Laferriére et. al
[91] and are labelled in the plots as excitons (X), biexcitons (XX) and charged excitons
(X−). Since different complexes saturate at different powers [92], spectra were recorded at
a saturation power (Psat) for X−, as well as at 0.5Psat, to optimize observation of these
complexes. Results across the three samples show that at lower power, the X− or X peaks
are dominant, while the intensity of the XX emission notably increases as the power is
doubled. Such a difference in power dependence between X−, X and XX is expected, see
[91].

In sample A, several emission peaks appear in addition to the labelled excitonic emis-
sions, though identifying each of them is not trivial. These emission lines likely originate
from carriers occupying higher energy states, forming different charge complexes and charge
configurations. In contrast, the emissions from samples B and C are much cleaner, even
at the Psat, suggesting more consistent charging of the quantum dots. However, in sample
B, the XX emission appears at the left of the X (i.e. at higher energy) compared to
samples A and C. This has also been observed and reported in previous work, known as
unbounded XX [93, 75]. This shift is likely due to a much higher aspect ratio of this dot
( Hdot/Ddot ≈ 1), as opposed to the aspect ratios in the other two dots. Despite these
variations, the energy spacing between the X and the X− consistently remains around
6meV, in agreement with the previous systematic study of the emission spectra [91].

Next, we perform p-shell excitation on sample A using the Toptica tunable laser. Figure
4.2(a) shows a zoomed-in spectrum of the p-shell emission from this dot under the above-
band excitation. The p-shell emissions range from approximately 942.26 nm to 947.49 nm
and more lines are observed as compared to the s-shell emission. This is consistent with
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Figure 4.1: Normalized PL spectra of the s-shell emission from the quantum dot in (a)
sample A, (b) sample B, and (c) sample C. The upper panels show the spectra at the
saturation power Psat for the X−, while the lower ones are recorded at half of the Psat.

the symmetry of an interacting 2-D strongly confined system where higher complexity in
the p-shell levels provides more recombination pathways than the s-shell.

While scanning the laser through the p-shell and monitoring the ground state emissions
on the spectrometer (i.e. photoluminescence excitation (PLE)), one can identify p-shell
levels associated with specific s-shell transitions. A pumping wavelength at 948.50 nm is
identified as optimal for generating the brightest X− emission. In this case, the p-shell
excitation is less efficient than the above-band excitation as a significantly higher power
is required to saturate the X−. This high excitation power is associated with strong
background emission, observed in Figure 4.2(b).

4.2 TRPL: lifetime measurements

The radiative lifetime of an exciton is defined as the time it takes for the electron-hole
pair to recombine and emit a photon. This limits the emission rate of a single-photon
source. Interactions between the dot and its environment (e.g. charge fluctuations and
phonon scattering) can degrade the indistinguishability and coherence of the emitted pho-
ton through energy and phase relaxation processes. Therefore, a shorter lifetime compared
to the timescale at which spectral wandering and dephasing occur is desired for single-
photon sources to maintain a high repetition rate and coherence.
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Figure 4.2: (a) P-shell spectrum from sample A. The inset shows the full spectrum with
the p-shell highlighted. (b) The s-shell spectrum under p-shell excitation shows just X−

emission line.
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Figure 4.3: Power-dependent lifetime measurements plotted in a semi-log scale under (a)
above-band excitation and (b) p-shell excitation.

The radiative lifetime can be obtained by performing the time-resolved photolumines-
cence measurements using a pulsed laser. The experimental results of lifetime measure-
ments of the neutral exciton, X, from sample A dot are shown in Figure 4.3. Using a
pulsed laser with a repetition rate of 80 MHz, the dot was pumped using both above-band
and p-shell excitation. The measurements are conducted under six different powers in
the two excitation schemes, all showing a monotonic decay of the neutral exciton. This
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means that only the bright states are observed at cryogenic temperature without applying
external fields. In general, observation of the dark exciton is due to a spin-flip process of
the electron or the hole, which is slower than the radiative decay of the bright states and
requires a much longer time for it to be observed as a second decay [94].

When the dot is excited above the bandgap, free electron-hole pairs are generated in
the materials surrounding the quantum dot, i.e. in the conduction and valence band of the
InP bulk material. It takes time for these carriers to be captured in the quantum dot and
recombine. A higher excitation power leads to overfilling the charges in the higher energy
levels of the quantum dot. This can limit the observation of the ground state emission,
manifesting as a delay in the excitation process, as shown in Figure 4.3(a). Such delays are
less obvious with p-shell excitation (see Figure 4.3(b)), as the free carriers are generated
directly in a higher energy level of the quantum dot.

above-band p-shell
Power

√
2σ (ns) τr (ns)

√
2σ (ns) τr (ns)

0.5Psat 0.187 1.038 0.194 1.090
0.6Psat 0.251 1.154 0.195 1.120
0.85Psat 0.555 1.123 0.196 1.122
Psat 0.715 1.053 0.199 1.170

Table 4.1: "Rise" (
√
2σ) and "decay" (τr) time for different excitation powers and different

excitation methods extracted from a model fit using Eq 3.5.

By fitting each decay curve with Eq 3.5, both the "rise time" (corresponds to
√
2σ)

and the "decay time" (τr) using different pumping schemes and powers are extracted, as
summarized in Table 4.1. While the extracted rise times for above-band and p-shell excita-
tion are consistent at 0.5Psat, they diverge as the excitation power increases, as expected.
However, the model fits yield different values of decay times for the two pumping schemes
at different powers. This outcome contradicts expectations, as the radiative lifetime is an
intrinsic property of an exciton and should remain independent of the excitation methods.
One explanation is that the fitting model oversimplifies non-resonant excitation schemes
by independently parametrizing the excitation jitter and the radiative decay time. In other
words, the radiative lifetimes appear to be correlated with excitation timing jitter under
non-resonant pumping, necessitating a more sophisticated model to extract these values
accurately.
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4.3 Single-photon purity: auto-correlation measurements

Section 2.2 highlighted that single-photon purity is one of the most important metrics
for examining the performance of single-photon sources and is measured using an HBT
setup. In the auto-correlation measurement, the 670 nm pulsed laser at a repetition rate
of 40MHz was used to excite the dot from sample C. The fibre-based tunable filter was
used to isolate the X photon before directing the emission to the SNSPDs. Figure 4.4
presents the experimental result of the g(2)(τ) measurement using an excitation power at
Psat (blue symbols). The model fit (black line) is used to obtain the coincidence counts
in the zero delay peak, i.e. the g(2)(0) value. It uses a stochastic model to simulate the
excitonic emission and detection process. Specifically, re-excitation of the quantum dot
within one laser pulse is modelled as a competition between the band-edge decay rate, the
carrier capture rate into the dot, and the radiative decay rate of the dot [95, 96]. Figure 4.4
shows a well-matched simulation with the experimental data, obtaining a g(2)(0) ≈ 0.01.
This value is similar to previous measurements on nanowire quantum dot systems [90].
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Figure 4.4: Auto-correlation measurement using above-band excitation. The circles are
the experimental results and the black curve indicates the model fit. The insert plot shows
coincidence counts around zero delay.

The inset of Figure 4.4 shows a zoomed-in plot around zero delay. One can observe a
dip at τ = 0 where detected coincidences are nearly zero, indicating that the probability of
simultaneously detecting photons on the two detectors is negligible, i.e. high single-photon
purity. Note that the side peaks at τ = NT(N > 0) are broadened by the excitation timing
jitter, each shown as a Gaussian convolved Laplacian distribution. This broadening results
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in a raised background, manifesting as tails between the side peaks, as well as on both
sides of the dip at τ = 0. Consequently, the side lobes usually observed around τ = 0 in
above-band excitation (i.e. the re-excitation process) are hidden in the background (see
inset), making it difficult to accurately extract coincidences in the zero delay peak. Possible
solutions to minimize the excitation timing jitter are either decreasing the excitation power
or reducing the pulse repetition rate, to obtain a more accurate and potentially lower
number of coincidences in the zero delay peak.

4.4 Towards Telecom C-band Emission

Silica-based optical fibres have become the backbone of telecommunications due to their
significant advantages over traditional electric means. High bandwidth, high security, low
signal loss and reduced single interference are the key attributes of long-distance data
transmission. While the O-band (λ : 1260− 1360nm) is the first wavelength band utilized
for telecommunication for its low signal attenuation and dispersion, telecom C-band (λ :
1530− 1565nm) is recognized for providing the lowest loss window for long-haul transport
applications [97]. Therefore, achieving high compatibility with terrestrial fibre networks is
one of the long-term objectives for the development of single-photon sources.

InAs-based quantum dots have shown significant potential for on-demand operation
near the telecom C-band [98, 99]. Current platforms primarily utilize Stranski–Krastanov
nucleation or droplet epitaxy for quantum dot growth, resulting in randomly positioned
dots on the substrate. In contrast, I will present a source based on a position-controlled
nanowire quantum dot that achieves single-photon emission in the telecom C-band. As
previously discussed, the emission wavelength of nanowire quantum dots can be tuned
from 900 nm up to 1µm by varying the dot size and the As concentration. Here we modify
the nanowire quantum dot geometry and the As flow rate to extend the s-shell emission to
≈ 1530 nm.

4.4.1 Dot-in-a-rod structure

The SA-VLS technique mentioned in section 2.4 offers a position-controlled growth of
quantum dots via patterning the substrate prior to the epitaxial growth. Using InAsP
quantum dots with low As concentration, tunable emission energies were demonstrated
through the modifications of the dot confining potential. While a larger aspect ratio of the
quantum dot (Hdot/Ddot) helps to push the emission to longer wavelengths, a significant
reduction in emission efficiency hinders the performance of the devices [76].
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Figure 4.5: Plots of the flow rate of AsH3 (in blue) and PH3 (in red) as a function of
growth time. The rod is represented by the light grey region and the dot is shown as the
darker grey region. The inset shows a transmission electron microscopy (TEM) image of
the grown structure.

The DROD structure has been implemented in previous work to obtain bright emission
[77]. To grow this structure, AsH3 is introduced into the reactor while maintaining the PH3

flow. This is done after the growth of an InP nanowire core base and so forms a section of
InAsyP1−y rod at the top of the base. Subsequently, the PH3 flow is interrupted to grow
the InAsxP1−x dot with a higher As concentration i.e. x > y. The nanowire core is then
capped with another section of InAsyP1−y. Figure 4.5 shows the switching sequence of the
group V material for growing the DROD structure. The thickness of the whole structure
is determined by the growth time tDROD = trodf − trodi , and the thickness of the dot is
determined by tdot = tdotf − tdoti . The DROD structure is in the nanowire core and is
clad with an InP shell and grown to a height of 10∼15µm with the top tapered as before.
To optimize the coupling of the spontaneous emission from the dot into the fundamental
mode of the nanowire waveguide, a nanowire waveguide base diameter of 320 ∼ 390nm is
targeted to keep D/λ ≈ 0.25.

As summarized in Table 4.2, we implement the DROD structure with different As
concentrations and growth times for the rod and the dot to grow four different samples. All
samples are grown using a PH3 flow rate of fPH3 = 2 sccm. Sample I through III have dots
grown for tdot = 3.5 s corresponding a thickness of ∼ 3.5 nm from transmission electron
microscopy (TEM) measurements. These are embedded in rods grown for trod = 17.5 s
corresponding to a total rod thickness of 20 nm. Sample I through III have incrementally
increasing AsH3 flow rates, fAsH3 .
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Sample fPH3 (sccm) fAsH3(sccm) trod (s) tdot(s)
I 2 1 17.5 3.5
II 2 1.5 17.5 3.5
III 2 2 17.5 3.5
IV 2 1.5 20.5 6.5

Table 4.2: Summary of the growth conditions for four different samples. fPH3 and fAsH3

indicate the flow rates of the group V materials, in units of standard cubic centimetre per
minute (sccm). trod and tdot are the growth times of the rod and the dot, respectively.
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Figure 4.6: (a) PL spectra from each sample measured at excitation powers close to sat-
uration, showing a wavelength shift from 1300 nm to 1530 nm. (b) SEM image imaged at
45◦ of an array of nanowires corresponding to sample D.

As studied in [74], an increase in As concentration will lead to a decrease in the band
gap, hence a red shift in wavelength. As can be seen from Figure 4.6(a), the magnitude
of the redshift per unit increase in AsH3 flow diminishes. Therefore in sample IV, the
AsH3 flow is kept the same as for sample II but the growth time of the dot is increased to
6.5 s. The resulting decrease in confinement shifts the emission wavelength to the telecom
C-band. Figure 4.6(b) is an SEM image of sample IV taken at 45◦, showing an array of
nanowires pitched at 7.5µm. Based on the image, we measure a nanowire base diameter ∼
490 nm. The parasitic growth observed on the oxide surface is a consequence of insufficient
selectivity and is typically observed when growing structures requiring AsH3 flows for more
than a few seconds.
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4.4.2 Optical characterization

In this section, optical measurements made on the C-band emitter, sample IV, are dis-
cussed. Above-band excitation with the 780 nm CW laser or the 670 nm pulsed laser is
used. For the micro-PL measurements, the 150 g/mm grating blazed at 1250 nm and the
InGaAs detector are used. Figure 4.7(a) presents the power-dependent spectra of the s-
shell transition from a dot in sample IV. It can be seen that six peaks are present even
at the lowest excitation power, instead of the typical three emission lines from the dots
discussed previously.
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Figure 4.7: (a) Power-dependent PL spectra of the s-shell emission from the dot in sample
IV. At higher power, six peaks are observed and labelled in the plot. (b) Integrated
intensities (extracted from (a)) for each peak plotted as a function of excitation power.

To identify each peak, power-dependent measurements of the peak intensities were
performed, as shown in Figure 4.7(b). The intensity of each peak was determined by
integrating the PL count rates (i.e., calculating the area under each peak) at different
powers. The previous study demonstrated that peaks can be differentiated based on their
power dependence. For example, the biexciton exhibits a stronger dependence on excitation
power than the neutral or charged exciton. However, all the peaks shown in the plot exhibit
similar behaviour as the pump power is increased, making it difficult to identify them.
Additionally, a drastic decrease in count rates for each peak was observed compared to the
dots emitting below the telecom C-band, in particular by a factor of 50× compared to the
optimized O-band emitter. To gain additional insight into this behaviour, auto-correlation
measurements were conducted on these emission lines, where each of them exhibits low

55



coincidence counts at τ = 0, i.e. g(2)(0) < 0.5. By using a notch filter with a bandwidth of
12 nm, g(2)(τ) measurements were also made on the sum of all peaks. In this case, a g(2)(0)
value of 0.5 was obtained.

One possible explanation for these emission lines is that they arise from mutually exclu-
sive transitions, each corresponding to a different charge configuration. Although identify-
ing each transition is challenging, the true emission intensity is expected to be the sum of
all photons emitted from these transitions. A potential factor contributing to the observed
reduction in count rate is the nanowire waveguide geometry. Specifically, the larger base
diameter results in D/λ ∼ 0.32, compared to the optimized value of 0.24. As a result, the
coupling efficiency into the fundamental mode βHE11 drops to around ∼ 65% according
to Figure 2.13. Additionally, the taper geometry of the nanowire may not be optimal for
C-band emission, reducing the fraction of the dot emission that can be coupled to the
external system. This reduction further decreases the overall collection efficiency.
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Figure 4.8: TRPL measurements on the dot form sample IV. (a) The experimental results
of each peak when the dot is excited using a pulsed laser. (b) The lifetime of a single peak
(peak 3) with a model fit based on Eq 3.5.

Next, the TRPL measurements were conducted using the pulsed laser at a repetition
rate of 40MHz, with the excitation power set to Psat for each peak. To isolate each peak,
we use the manually tunable filter with a narrow bandwidth of 4-80 GHz. Shorter decay
times are observed in peaks 1, 2 and 3, while peaks 4, 5 and 6 have longer decay times. The
different decay times support the association of the different peaks with different charge
complexes. Additionally, the excitation timing jitter of peak 5 is substantially longer
than the others. Since peak 3 (emitting at 1531 nm) exhibits a relatively high emission
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intensity and short lifetime, the measurement on this peak was also made at a low excitation
power (0.2Psat) using a repetition rate of 5MHz to reduce the excitation timing jitter. By
fitting the experimental data with Eq. 3.5, a radiative lifetime with value τr = 2.2 ns was
extracted. This value is slightly larger than that observed in the quantum dot samples
emitting below 1µm due to the larger nanowire structure and is consistent with the large
D/λ ratio.

Lastly, the single-photon purity of peak 3 was measured with the dot excited at Psat

and a repetition rate of 20MHz. As shown in Figure 4.9, a significant reduction can be ob-
served at zero time delay compared to the side peaks, indicating high-purity single-photon
emission. The stochastic model mentioned in section 4.3 is used to fit the experimental
data. Here, a raw value of g(2)(0) = 0.097 is obtained, which is reduced to g(2)(0) = 0.062
after background subtraction.
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Figure 4.9: Auto-correlation measurements of the peak at 1531 nm excited using a pulsed
laser at a repetition rate of 20MHz (blue circles), fitted with the stochastic model (orange
curve).

4.5 Summary

In this chapter, I have presented the optical properties of three different nanowire quan-
tum dot samples at cryogenic temperatures, evaluating their performance as single-photon
sources. By changing the size, the aspect ratio, and the As concentration of the dot,
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the ground state emission wavelength can be tuned from 890 nm to 980 nm. By using non-
resonant excitation, PL spectra, radiative decay times and single-photon purities were mea-
sured under non-resonant excitation. A significant reduction in excitation timing jitter was
observed using p-shell excitation compared to above-band excitation. The auto-correlation
measurements indicate that re-excitation is the main factor degrading the single-photon
purity.

Single-photon sources emitting in the telecom C-band were also demonstrated. To
extend the emission wavelength beyond 1µm, a DROD structure was employed. This
structure offers the opportunity to introduce a higher As concentration in the dots, while
maintaining a dot thickness below 10 nm. The C-band emission is achieved by growing
a thicker dot compared to the ones emitting in the O-band. A larger base diameter of
the nanowire waveguide was targeted to optimize the spontaneous emission rate into the
fundamental mode. However, the grown sample had a thicker than optimal base diameter
resulting in a potential reduction of the dot-waveguide coupling and emission.

Two important properties that have not been discussed thus far are indistinguishability
and coherence properties of the photons generated by the nanowire quantum dot emit-
ters. As mentioned in Chapter 2, the coherence is linked with the emission linewidth.
Therefore, we will present the results from both the TPI measurements and the linewidths
measurements in the next chapter.
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Chapter 5

Coherence Properties at Cryogenic
Temperature

In the previous chapter, the optical properties of the quantum dots using non-resonant
excitation schemes were demonstrated, with particular emphasis on the influence of quan-
tum confinement on photon emission energies. While non-resonant excitation allows for a
comprehensive analysis of optical characteristics, one major drawback is a reduction in the
photon indistinguishability since it may introduce additional charge fluctuations around
the quantum dot. Excessive excitation timing jitter and re-excitation are additional un-
desired effects present with above-band excitation. Intuitively, a promising approach to
improve indistinguishability is to use strictly resonant excitation. In this case, Sayan and
I equally contributed to the resonant excitation project, including the establishment of the
optical setup (see Figure 3.6) and all the experiments shown in this chapter.

In this chapter, I will discuss the coherence properties of the quantum dots under
different excitation schemes. First I will introduce the resonant excitation technique using
the polarization-rejection setup shown in section 3.2.1. I will examine the performance
of this setup in three ways: i) the signal-to-noise ratio measured on the spectrometer;
ii) the Rabi oscillations of both charged and neutral excitons; and iii) power-dependent
autocorrelation measurements to investigate multi-photon emission from the uncorrelated
source (i.e. laser leakage). In the latter half of this chapter, I will compare experimental
results of linewidth and TPI visibilities using above-band and resonant excitations.
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5.1 Resonant Excitation

Resonant fluorescence is performed on a dot from sample C which exhibits similar emission
features to the one in Figure 4.1(c). In this dot, the emission wavelengths for X, XX, and
X− are 895.51 nm, 896.99 nm and 898.71 nm, respectively, as shown in Figure 5.1. By using
the Mai Tai pulsed laser and the pulse slicer, the excitation wavelength can be precisely
tuned to the X or the X− emission, as required to realize resonant excitation.
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Figure 5.1: The PL spectrum of the dot from sample C under above-band excitation.
The excitation power is 0.5Psat, where Psat is the power saturating the charged exciton
emission.

5.1.1 Laser rejection in resonant fluorescence

Owing to the energy overlap between the excitation and the emission, the laser has to be
rejected with high efficiency to avoid degrading the single-photon purity of the source. As
discussed in section 3.2.1, this is achieved by using two PBSs and one QWP. The rejection
process is initialized by first performing the confocal alignment using the Mai Tai laser
to optimize collection efficiency. The center wavelength of the laser is tuned close to an
excitonic emission and the bandwidth is set by the pulse slicer to approximately 23 ps.
After the confocal alignment is achieved, the QWP is rotated to reduce the reflected laser
power after fibre coupling. When sufficient excitation power is applied (tens of nW), and
the reflected laser polarization is restored to linear and orthogonal to the incident beam,
the "clover leaf" pattern can be observed with the laser focused on the nanowire, see Figure
5.2(a). This pattern, however, deviates from the calculated pattern shown in Figure 3.7 due
to some unavoidable laser scatter from the nanowire structure. This scatter can degrade
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the rejection efficiency and result in a remaining portion of the laser after polarization
filtering. Further rejection is achieved through spatial filtering using a PM single-mode
fibre with a mode field diameter ∼ 5µm, which acts as a pinhole, helping to reject residual
laser scatter while accepting the Gaussian QD emission profile [82].
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Figure 5.2: (a) The "clover leaf" pattern observed with the laser on the nanowire. The
pattern is distorted compared to the simulated result shown in the inset (adapted from [7])
which originates from the undesired laser scattering off the nanowire. (b) PL spectrum
showcasing an example of slightly off-resonant laser excitation of the X line when the
reflected laser is minimized.

Once the clover leaf pattern is observed, the two beamsplitters for imaging are re-
moved, and the laser power is reduced to a few nanowatts for performing the micro-PL
measurements. The laser is tuned to within 0.1 nm of the excitonic emission peak, ensur-
ing excitation occurs via the tail of the laser. At this stage, we iteratively fine-tune the
focus (i.e., the height of the objective) and make incremental adjustments to the QWP to
maximize the suppression of the laser while maintaining the intensity of the quantum dot
emission. Figure 5.2(b) illustrates an example of the laser minimized when detuned from
the neutral exciton. Note that a split in the laser peak may occur when the center wave-
length of the slicer is detuned by a few nanometers from the laser wavelength, as observed
in the figure. For the spectrum in Figure 5.2(b), the laser-to-signal ratio is about 1:1. Both
the cloverleaf pattern and the minimized laser intensity confirm an effective laser suppres-
sion using the cross-polarization setup. Table 5.1 summarizes one of the best results where
the intensity of the laser and the dot PL are recorded for off- and on-resonance conditions.
Assuming that the laser intensity remains the same in both cases, a signal-to-laser ratio
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on the order of ∼ 103 is achieved for RF on the neutral exciton.

laser intensity (counts/s) X intensity (counts/s)
off-resonant ∼ 10 ≤ 150
on-resonant N/A ∼ 12000

Table 5.1: A summary of the reflected laser and the X peak intensities when the excitation
laser is 0.1 nm detuned or on-resonant, measured on the spectrometer. Data is recorded at
an excitation power corresponding to a π-pulse.

A similar process is implemented on the X− peak; however, a significantly lower exci-
tation efficiency was observed. This is because the X− formation requires an additional
electron compared to the X. Therefore, a few picowatts of the 780 nm laser is introduced,
inaddition to the resonant laser, to provide extra charges and facilitate X− formation.
The above-band laser power is kept below the threshold required to excite the quantum
dot and a tunable filter is added before any detection system to filter out the laser. To
further confirm the success of resonant fluorescence and effective laser suppression, both
single-photon purity and coherent control were established for both X and X− emission
lines.

5.1.2 Coherent Control

When a two-level system interacts with an external oscillating field that is resonant with
the system’s transition energy, the system will periodically undergo a transition between
the ground (|g⟩) and the excited states (|e⟩). Consequently, the probability of finding
the system in the excited state depends on time and the strength of the interaction and
the system is said to undergo Rabi oscillations [38]. In a semi-classical framework, this
probability is typically expressed as

P|e⟩(t) ∝ sin2

(
ΩRt

2

)
(5.1)

where ΩR is the Rabi frequency, which is proportional to the field strength (i.e. the
square root of the excitation power). In semiconductor quantum dots, Rabi oscillations
can be observed in the excitonic emission when the quantum dots are resonantly driven
by optical pulses [100, 101, 102]. In other words, power-dependent resonant fluorescence
measurements will show an oscillatory behaviour in the emission intensity as a function of
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pulse area. However, Eq. 5.1 does not account for dephasing effects. Due to the interactions
between the quantum dot and its environment, for example, charge noise, decoherence
occurs over time. This dampens the visibility of the transitions between the ground and
the excited state, leading to a decrease in the amplitude of the oscillation. At long time
scales, i.e. much greater than the coherence time, the oscillations will disappear and the
probability of finding the system in the excited state converges to 0.5.
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Figure 5.3: Rabi oscillation of (a) the neutral exciton and (b) the charged exciton from
the same quantum dot where the intensity was measured using the spectrometer.

To measure the Rabi oscillations of the neutral and the charged excitons in the dot
from sample C, a photodetector in combination with the p-i-d program (see Figure 3.6)
were used to control the excitation power and record the integrated PL intensity. The RF
intensities of X and X−, plotted as a function of the square root of the excitation power,
are shown in Figure 5.3. Rabi oscillations up to a pulse area of 3.5π were measured in
the neutral exciton with population inversion occurring at a power of ∼ 33.6 nW, known
as a π-pulse. An interesting observation is that the intensity at a pulse area of 3π exceeds
that of the π-pulse, contrary to expectations, and is a consequence of laser leakage. In the
following section, this is further examined through power-dependent g(2)(τ) measurements
to assess the multi-photon emissions.

For the charged exciton, Rabi oscillations were measured up to a pulse area of 3.5π, with
the π-pulse recorded at ∼ 46.7 nW, slightly higher than the X as expected. It is notable
that the curve shows increased noise at higher power, as more data points were collected
around 2π. This noise likely results from power fluctuation caused by polarization drift
from the 780 nm laser as the optical setup currently uses only one p-i-d control to monitor
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the combined excitation power. To improve the power stability in future measurements,
an independent p-i-d system could be set up for each laser source.

The demonstration of Rabi oscillations on two excitonic complexes indicates the ef-
fectiveness of the resonant excitation technique on the nanowire quantum dot. Next, we
perform the second-order correlation measurements to evaluate the single-photon purity of
the quantum dot emission under resonant excitation.

5.1.3 Single-photon purity and lifetime using resonant excitation

Auto-correlation measurements using RF were performed on both the neutral and the
charged exciton from the same dot. Since a weak 780 nm laser was used to efficiently
excite the X−, an additional tunable filter was used in the detection path. The measured
results at 1/3π-pulse with model fits are shown in Figure 5.4. From these measurements,
coincidences in the zero delay peak of g(2)(0) ≈ 0.032 for X and g(2)(0) ≈ 0.023 for X−

were extracted.
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Figure 5.4: Auto-correlation measurement on (a) the neutral exciton and (b) the charged
exciton using resonant excitation. The excitation power is at 1/3π-pulse for each complex.

Figure 5.5 shows a comparison in the coincidence counts of the neutral exciton around
zero time delay using above-band (orange symbols) and resonant (blue symbols) excitation.
As discussed in section 4.3, a dip observed at τ = 0 for the AB case indicates a high single-
photon purity and the side lobes (re-excitation processes) were hidden in the side plateaus
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Figure 5.5: Comparison of the coincidence counts around zero delay for auto-correlation
measurements of the neutral exciton, X, using above-band and resonant excitation. The
dip at τ = 0 in the case of above-band excitation indicates minimal uncorrelated emission
whereas the hint of side lobes at τ = 2 ns indicates some re-excitation. For RF, no re-
excitation events were observed but the peak at τ = 0 indicates non-negligible uncorrelated
emission.

(excitation timing jitter). In contrast, a peak presents at τ = 0 in the RF measurements.
There are two possible reasons of observing this peak: (a) the instrumental timing jitter is
too long to resolve the dip; (b) multi-photon emission events from an uncorrelated source,
i.e. laser leakage.

To further understand this, power-dependent g(2)(τ) measurements were performed
with the RF power ranging from a pulse area of 0.25π to 1.5π in steps of 0.25π. The
normalized data is plotted in Figure 5.6(a). As can be seen, the peak at zero time delay
rises as the excitation power is increased, implying that laser leakage gradually dominates
the quantum dot emission and degrades the single-photon purity. The values of g(2)(0) at
each power were extracted from the model fit and are plotted versus pulse area in Figure
5.6(b). While a g(2)(0) ≤ 0.07 on the X photon for pulse areas up to π, coincidence in the
zero delay peaks increase nonlinearly with excitation powers. This is consistent with the
behaviour observed in the Rabi oscillations in the previous section.

In resonant excitation, multi-photon emission is mainly attributed to imperfect laser
filtering i.e. one expects a strongly reduced re-excitation probability. Better laser suppres-
sion can be achieved, for example, by using polarizing beamsplitters with higher extinction
ratios, or through exact mode-matching of the dark-field microscope with the fundamental
mode of the nanowire waveguide.
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Figure 5.6: (a) Power-dependent normalized auto-correlation measurements on the neutral
exciton using resonant excitation. (b) Power-dependent g(2)(0) values extracted from fits
using the stochastic model.
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Figure 5.7: Lifetime measurements of the neutral exciton with above-band (blue symbols)
and RF (orange symbols). The curves are model fits using Eq 3.5.

Next, the lifetime of the neutral exciton from the same dot under above-band and
resonant excitation were compared. TRPL measurements for both excitation schemes are
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plotted in Figure 5.7 with model fit using Eq 3.5. Both the extracted "rise times" (τAB
e ≈

0.365ns for above-band and τRF
e ≈ 0.298ns for RF) and the decay times (τAB

r ≈ 1.833ns
and τRF

r ≈ 1.182ns) are markedly shorter with resonant excitation. Note that the observed
difference in radiative lifetimes is likely due to the limitations of the model used. As a
result, the lifetime extracted for the above-band case likely includes a component associated
with the excitation timing jitter. Therefore, a better description of the experiment would
consider a convolution of a Gaussian function (describing the excitation jitter) and an
exponential decay (describing the radiative recombination). Such a model was employed
to describe the second-order correlation measurements. Regardless, the faster time scale
observed with RF is consistent with an excitation process whereby carriers are populated
directly in the lowest energy level in the dot, eliminating excitation jitter.

5.2 Linewidth and Indistinguishability

Spectral purity is another indicator of the quantum performance of the single-photon emit-
ter, as it influences the indistinguishability of the emitted photons. Indistinguishable pho-
tons play important roles in quantum computing and quantum cryptography since they
can assure reliable operations through perfect interference and prevent eavesdroppers from
eavesdropping on secured communications. This section will discuss the indistinguishabil-
ity of photons generated from excitonic complexes in quantum dots through both linewidth
and HOM interference measurements.

In general, crystal defects and impurities exist in semiconductor materials and will result
in the creation of carrier trap levels. When the quantum dot is excited above the band gap
and if these traps are located close to the quantum dot, their time-varying occupation will
produce a varying electric field and shift excitonic emission lines (i.e. spectral wandering)
through the Stark effect. Consequently, the emitted photons will have a Voigt lineshape
due to this charge noise, i.e. a Gaussian spectral wandering convolved with the Lorentzian
homogeneous linewidth [103]. A great deal of work has been done in the past to grow high-
quality nanowire quantum dots to reduce charge noise, achieving linewidths as narrow as
2× the lifetime limit [1]. Such narrow linewidths are measured using a voltage-controlled
scanning Fabry-Pérot etalon. The transmitted peaks from the etalon are detected on the
SNSPD and provide time-integrated high-resolution PL.

First, the linewidths of all three charge complexes from the dot in sample A dot were
revisited using the above-band excitation with the 780 nm CW laser. Figure 5.8 shows
the measured linewidths of the three charge complexes, X, XX and X−, at 0.2Psat. FSS
presents in both XX and X photons with two peaks in each complex corresponding to
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Figure 5.8: Linewidth measurements of the (a) neutral (X), (b) biexciton (XX) and (c)
charged exciton (X−) at an excitation power of 0.2Psat (blue symbols). Each experimental
data is fitted with a Lorentzian function (orange curves).

the two spin configurations, whilst no FSS is observed in the X− emission. This result is
consistent with the discussion in section 2.3.1. Each peak is well described by a Lorentzian
function from which linewidths and FSSs are extracted. The neutral exciton exhibits a FSS
of around 5.61GHz with linewidths of the two peaks w1 ≈ 2.96GHz and w2 ≈ 3.89GHz.
Similar results are extracted for XX, where FSSXX ≈ 5.61GHz, w1 ≈ 3.08GHz, and
w2 ≈ 2.18GHz. These FSS values are larger than expected, and likely arise from an
asymmetric distribution of As composition along the growth direction due to a long gas
switching time in the gas manifold. In contrast, a narrow single linewidth was obtained for
X− emission with a value ≈ 0.64GHz with no FSS observed as described in section 2.3.1.
This value, after deconvolving with the etalon linewidth, reached ∼2× the lifetime-limited
value [1].

This dot was also investigated using p-shell excitation, as shown in Figure 5.9(a), which
presents power-dependent linewidth measurements. Linewidths are extracted at each ex-
citation power using the same fitting function as in the above-band measurements and are
plotted in Figure 5.9(b). The blue curve shows a nonlinear increase in the linewidth of
the charged exciton using above-band excitation, whilst no broadening is observed using
p-shell excitation (see green curve). Note that linewidths extracted using quasi-resonant
excitation are significantly broader compared to above-band excitation. This was initially
associated with the cool-down cycle: the sample had been cooled down several times prior
to performing the quasi-resonant measurements. It has been observed that each cool-down
"freezes in" a different charge environment as evidenced by shifts in emission energies. It
was thus thought that each cooling cycle may introduce additional traps, particularly on
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Figure 5.9: (a) HRPL spectra of the X− photon for different p-shell excitation powers. (b)
Extracted Lorentzian linewidths as a function of excitation power using above-band (blue)
and p-shell (green) excitation.

the nanowire surface, leading to additional linewidth broadening. However, it appears that
some above-band excitation may be important in stabilizing the charge environment. This
is discussed below in the context of resonant excitation.

Strictly resonant excitation is one solution for mitigating the charge noise in solid-state
systems. It leads to fewer interactions between the dot and the surrounding material. As
such, one would expect a reduction in the linewidth using RF compared to above-band and
p-shell excitation. The polarization-rejection optical setup is used to conduct the linewidth
measurements using both the above-band (670 nm pulsed laser) and the resonant (Mai Tai
laser) pumping schemes. In both cases, only one polarization from the emission can be
observed as the other one is rejected by the PBSs.

Figure 5.10(a) shows power-dependent linewidths of the neutral exciton from the dot
in sample C using the two excitation schemes, where each data point was extracted from
a Lorentzian fit. The blue symbol refers to the extracted linewidth measured using the
above-band laser at a power of 0.5Psat. The orange symbols are the linewidths measured
using RF at different excitation powers. Interestingly no significant reduction in the X
photon linewidths is observed using RF. For the case of X−, a broader RF linewidth was
observed compared to above-band excitation. This is shown in Figure 5.10(b) where the
linewidth measurements on the X− photon using above-band (at 0.1Psat, upper panel) and
resonant excitation (at 0.1π-pulse, lower panel) are compared. Here, a Lorenzian fit was
used for AB measurements, obtaining a linewidth value ∼1.17GHz. However, to extract a
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Figure 5.10: (a) Measurements of the X emission line with different pumping conditions.
(b) Measured linewidths of the X− emission peak for above-band (AB) and resonant (RF)
excitation.

more accurate value for RF linewidths, a Voigt function was applied, yielding a Lorentzian
linewidth wL = 0.34GHz and a Gaussian linewidth wG = 2.28GHz. This result suggests
that rather than mitigating charge noise, RF applied to nanowire quantum dots actually
increases charge noise, in contrast to other quantum dot systems [104]. This is particularly
true for the charged complex. It is speculated that the requirement of a weak above-band
pump for observing charged complexes with RF may not be ideal for stabilizing the charge
environment. Further, it has been observed previously in nanowire systems that a strong
above-band pumping can minimize charge fluctuation by filling all traps [103].

Next, the indistinguishability between sequentially emitted photons separated by the
laser repetition rate of 12.5 ns is determined for both X and X− above. The measure-
ments are made using a MZI as described in section iv. and the same lasers are used as
in the linewidth measurements. For the above-band excitation, a fibre-based polarization
controller is added between the tunable filter and the MZI, making sure the input polar-
ization is linear. Figure 5.11 and 5.12 shows the measured coincidences g

(2)
⊥ (τ) (in black

shaded area) and g
(2)
∥ (τ) (in red shaded area) of X and X−, respectively. In all cases,

coincidence counts of 0.75 are recorded at τ = ±T relative to τ = ±2T . This is due
to the absence of simultaneous photons incident on the PBS [89]. The peaks at ±T are
uneven because of the unbalanced counts in the two arms of the interferometer. For two
perfectly indistinguishable photons, one should observe the centre peaks g

(2)
∥ (0) = 0 and
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g
(2)
⊥ (0) = 0.5. Here, significant coincidences are observed for g(2)∥ (0) in all cases, indicating

low TPI visibility. By integrating the area of the co-polarized and cross-polarized data
across the zero delay window (-6.25 ns to +6.25 ns), we obtain the visibilities for the neu-
tral exciton V AB

X (0) ≈ 0.8% and V RF
X (0) ≈ 21.7%. For the X−, the extracted visibilities

are V AB
X− (0) ≈ 8.37% and V RF

X− (0) ≈ 14.4%, respectively.

Figure 5.11: HOM measurements of the X peak using (a) above-band excitation at Psat/5,
and (b) resonant excitation at 1/5π-pulse.

Figure 5.12: HOM measurements of the X− peak using (a) above-band excitation at Psat

and (b) resonant excitation at a pulse area of π.

71



For both charge complexes measured above, TPI visibilities are improved using reso-
nant excitation compared to above-band excitation. The improvement for the X peak is
considerably more significant than for X−, whilst the above-band visibility for the X− pho-
ton is much greater than the X photon. Recall that for both the X and X− photons, RF
eliminates excitation jitter (see section 5.1.3), thus the observation of higher TPI visibilities
in both cases. However, the linewidth measurements showed more excess broadening for
the X photon compared to the X− photon under AB excitation, suggesting that charge
noise has a more severe impact on the X photon, consistent with the reduced above-band
TPI visibility for the X− photon. Additionally, HRPL measurements showed no change
in the X linewidths under low-power resonant excitation, indicating that the improvement
in TPI visibilities, from 0.8% to 21.7%, is primarily due to the elimination of excitation
jitter. In contrast, the X− photon linewidth was broadened using RF due to increased
charge fluctuation, which tempered the improvement in the TPI visibility. Finally, the
visibilities obtained in this work are consistent with those reported for other quantum dot
systems with a ∼ 1 ns radiative lifetime, resonantly pumped using a pulsed laser with a
12.5 ns pulse separation [105].

5.3 Summary

To conclude, the influence of different excitation schemes on the coherence properties of
a nanowire quantum dot was investigated in this chapter. Importantly, efficient resonant
excitation was realized using the polarization-rejection method with two PBSs and one
QWP, achieving high emission-to-laser ratios for both X and X− photons. This was con-
firmed through HBT measurements which showed high single-photon purity, low excitation
timing jitter and negligible re-excitation using resonant excitation. A reduction in single-
photon purity with increasing pump power was observed, indicating that better rejection
would be beneficial. Rabi oscillations over pulse areas of 3.5π for both the photon X and
the X− photon were observed, showcasing the success of coherent control in the nanowire
quantum dot system.

At this preliminary stage, no reduction in the exciton linewidths was observed using
the resonant excitation compared to the above-band excitation. In fact, the X− photon
linewidth was broadened using RF which was associated with increased charge noise from
the added weak AB laser. These differing linewidth behaviours between the two excitons
are consistent with the TPI measurements where the improvement in TPI visibility using
RF is less significant for the charged exciton compared to the neutral exciton. While the
results align with those from other quantum dot systems, further improvements in TPI
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visibilities and strategies to mitigate charge noise are still needed. These will be discussed
in the following chapter.
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Chapter 6

Conclusion and Future Work

In the previous chapters, the optical properties of nanowire quantum dots under different
growth conditions were described. This chapter will first summarize the experimental
results and provide a conclusion. The second half will outline potential future research
directions, focusing on both the electronic and optical properties of nanowire quantum
dots.

6.1 Conclusion

This work began by demonstrating the quantum size effect on the optical properties of
nanowire quantum dots. It was shown that the confined energy levels and energy bandgap
can be varied by controlling the dot’s size, aspect ratio, and arsine concentration during
growth.

Particularly, optical characterizations, including the micro-PL spectra, radiative life-
times and single-photon purities, were conducted on three different quantum dot samples.
The PL measurements under the above-band excitation revealed that the emission wave-
lengths of these dots could be tuned from 890 nm to 980 nm, with variable s-p splitting.
Generally, smaller dots exhibit larger bandgaps and blue-shifted emission wavelengths,
while dots with smaller diameters have reduced in-plane confinement and greater separa-
tion between s- and p-orbitals. P-shell excitation was performed on the dot from sample
A, showing charged exciton emission under high excitation power. Next, power-dependent
TRPL measurements on this dot using the two excitation schemes showed similar rise times
(≈ 0.19 ns) and radiative decay times (≈ 1 ns) at 0.5 Psat. However, above-band excitation
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introduced more significant delays in the excitation process at higher power and exhibited
varying decay times compared to the p-shell scheme. This inconsistency is likely due to
limitations in the fitting model, as the rise and decay times are expected to be correlated.
Auto-correlation measurements on a dot from sample C, conducted using an above-band
pulsed laser at 40 MHz, yielded a single-photon purity of 90%.

To extend the emission wavelengths to the telecom C-band, a DROD structure was
employed. This approach involved growing the dots with higher arsine concentrations and
greater thickness than those used for O-band emitters. PL measurements revealed red-
shifted emission wavelengths around 1530 nm, although multiple peaks and lower count
rates compared to the O-band devices. Characterization of the 1531 nm peak demonstrated
a raw single-photon purity of 90.3% (93.8% after background subtraction) and a lifetime
of approximately 2.2 ns. Reduced brightness was attributed to the nanowire waveguide
geometry, specifically the base diameter and taper length.

Lastly, the coherence properties of dots emitting below 1µm were explored under differ-
ent excitation schemes. RF on one dot from sample C was conducted using a polarization-
rejection optical setup. The setup, incorporating two polarizing beam splitters, a quarter-
wave plate, and spatial filtering (via fibre coupling), achieved effective laser suppression on
the neutral exciton. This was confirmed through high single-to-laser ratios and the obser-
vation of Rabi oscillations on the spectrometer. RF measurements yielded g(2)(0) ≈ 0.032
for X peak and and g(2)(0) ≈ 0.023 for X− peak. RF also resulted in reduced excitation
timing jitter, evident in narrower side peaks in the g(2)(τ) measurements and sharper rises
in the TRPL. Linewidth measurements showed that the power broadening is significantly
greater under above-band excitation compared to the p-shell. However, linewidths were
not reduced for either X or X− emissions under resonant excitation, at a power comparable
with the above-band excitation. Lastly, the TPI visibilities were improved under RF by
eliminating the excitation timing jitter. The values were increased from 0.8% to 21.7% for
the X peak and from 8.37% to 14.4% for the X− peak.

6.2 Future work

As evident in Chapters 4 and 5, further improvements are necessary to better understand
nanowire quantum dots and enhance their optical performance. One key improvement is
increasing the brightness and the emission rate of telecom C-band emitters, which can be
accomplished by optimizing the nanowire waveguide geometry. Specifically, fine-tuning the
growth temperature and time of the waveguide cladding can enable the base diameter and
the taper length to be close to the optimal value. While the base diameter is expected
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to be around 390 nm to maintain D/λ ∼ 0.24, a waveguide with a greater height and a
smaller tapering angle may improve the overlap between the optical mode of the nanowire
and the quantum dot emission (i.e. βHe11), as well as more efficient collection by external
optical systems.

For future applications, such as quantum key distribution, it is essential to study the
coherence properties of the nanowire quantum dots. This thesis has demonstrated both
linewidths and TPI measurements on the devices emitting below 1µm under three exci-
tation schemes. However, the results suggest that using RF alone does not significantly
reduce charge noise compared to the above-band and p-shell excitations. One explana-
tion is that the timescale associated with capturing and releasing the charge carriers from
nearby traps is comparable to the radiative recombination time of an exciton confined
within the dot.

(a) (b)

probe tip dummy structure

nanowire

Figure 6.1: (a) SEM image of a CBR structure fabricated in silicon on insulator (SOI)
material, viewed from the top. (b) SEM imagine viewed at 45◦ shows that a pre-fabricated
dummy silicon structure placed over a nanowire using the pick-and-place technique.

Minimizing the impact of the charge environment on dot emissions can be achieved
either by reducing the radiative lifetime of the excitons or by mitigating charge noise
through the application of an external electric field. As mentioned in section 2.3.2, photonic
cavities can enhance the spontaneous emission rate through the Purcell effect and shorten
the radiative lifetime. In the nanowire quantum dot system, one possible structure is a
circular Bragg resonator (CBR), as shown in Figure 6.1(a). A pick-and-place technique
[96] will be applied to lift a tethered CBR from its substrate and position it over a nanowire
through the centre hole. Figure 6.1(b) shows an exemplary SEM image of transferring a
dummy structure onto a single nanowire. This demonstrates the feasibility of applying the
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cavity to the nanowire quantum dot device. Here, the dot is expected to be in the plane of
the CBR. The position of the quantum dot in relation to the CBR will be tuned by using
both nanopositioners and nanoscanners to match the dot emission energy to the cavity
mode, optimizing the Purcell enhancement factor.

Another promising method for stabilizing the charge environments is applying an exter-
nal electric field by using gates located around the optical quantum dot system. Previous
work has demonstrated the effect of electric field on the energy tuning and FSS reduc-
tion of the quantum dot emission [106]. Additionally, when an external electric field is
applied, the band structure of the dot and its surrounding material will be both modified
such that the depth of a nearby trap potential is reduced. In this case, carriers can be
swept from traps, hence suppressing the trapping and untrapping events. However, unlike
the planar quantum dot systems, monolithic fabrication of gate structures on the sides of
the free-standing nanowire is technically challenging due to the high aspect ratio of the
nanowire geometry. Therefore, the pick-and-place method is again required to bridge the
nanowire device and the external structures. Specifically, this can be realized in two ways,
either by picking up a nanowire and placing it onto a gated structure, or by picking up a
pre-patterned gate structure from the SOI substrate and placing it over a nanowire.

Lastly, the techniques discussed above for enhancing the coherence properties will be
applied to the telecom dots. Optical properties regarding emission linewidths, TPI vis-
ibilities and photon coherence will be investigated on those quantum dots to facilitate
long-distance secure communication technologies.
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