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ABSTRACT

POLARIZATION DYNAMICS OF SINGLE-PHOTON EMITTERS IN
HEXAGONAL BORON NITRIDE AND THEIR APPLICATION IN
QUANTUM KEY DISTRIBUTION

The advancement of quantum technologies is critically dependent on the develop-
ment of high-performance solid-state single-photon sources. Among emerging platforms,
defects in hexagonal boron nitride (hBN) have garnered significant attention due to their
bright and stable single-photon emission at room temperature. However, a comprehensive
understanding of their polarization properties, which are crucial for encoding quantum
information, has been limited by time-averaged measurement techniques that obscure dy-
namic effects. This thesis presents a multifaceted investigation into the nanosecond-scale
polarization dynamics of single-photon emitters in hBN and demonstrates their successful
application in quantum key distribution.

First, we introduce and apply a time-resolved analysis of the linear polariza-
tion, revealing that the degree of linear polarization is not static but evolves significantly
throughout the emission lifetime. We find that the most highly polarized photons are
emitted within the first few nanoseconds of the decay process. To deconstruct this behav-
ior, we then perform a complete time-resolved Stokes parameter analysis. This advanced
method reveals that the observed depolarization in the linear basis is not solely due to
random fluctuations but arises from a dynamic interplay with a significant circular po-
larization component, demonstrating a near-unity degree of polarization even when the
degree of linear polarization is reduced.

Finally, by harnessing these fundamental insights, we report the first integration
of a 2D material-based single-photon source into a functional quantum key distribution
system. A characterized hBN defect was used as the quantum light source in a free-space
B92 protocol implementation at room temperature, successfully establishing a secure key
with a quantum bit error rate of 8.95%. This work not only provides a deeper understand-
ing of the complex photo-physics of hBN emitters but also confirms their viability as a

robust and scalable resource for practical quantum communication technologies.
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OZET

ALTIGEN BOR NITRUR’DEKI TEK FOTON YAYICILARIN
POLARIZASYON DINAMIKLERI VE KUANTUM ANAHTAR
DAGITIMINDAKI UYGULAMALARI

Kuantum teknolojilerinin ilerlemesi, yiiksek performansh kati-hal tek-foton kay-
naklarinin geligtirilmesine kritik diizeyde baghdir. Gelismekte olan platformlar arasinda,
altigen bor nitriir (hBN) icindeki kusurlar, oda sicakliginda parlak ve kararli tek-foton
emisyonu gostermeleri nedeniyle 6nemli Olciide dikkat cekmistir. Ancak, kuantum bil-
gisini kodlamak icin hayati dnem tasiyan polarizasyon 6zelliklerinin kapsamli bir sekilde
anlasilmasi, dinamik etkileri géz ard1 eden zaman-ortalamali 6l¢iim teknikleri nedeniyle
sinirh kalmistir. Bu tez, hBN’deki tekil foton yayicilarin nanosaniye 6l¢egindeki polariza-
syon dinamiklerine yonelik ¢ok yonlil bir aragtirmay1 sunmakta ve bu yayicilarin kuantum
anahtar dagitim uygulamasindaki basarili kullanimini gdstermektedir.

I1k olarak, dogrusal polarizasyonun zaman-c¢oziiniirliiklii bir analizini sunup uygu-
layarak, dogrusal polarizasyon derecesinin statik olmadigini, bunun yerine emisyon émrii
boyunca 6nemli 6l¢iide evrildigini ortaya koyuyoruz. En yiiksek diizeyde polarize olmusg
fotonlarin, bozunmanin ilk birka¢ nanosaniyesi icinde yayildigini1 bulduk. Bu davranigi
cOziimlemek i¢in, ardindan tam bir zaman-¢oziiniirliiklii Stokes parametre analizi gercek-
lestirdik. Bu gelismis yontem, dogrusal bazda gbzlemlenen depolarizasyonun yalnizca
rastgele dalgalanmalardan kaynaklanmadigini, aym1 zamanda dogrusal polarizasyon dere-
cesi diiserken bile, bire yakin bir polarizasyon derecesi gosteren onemli bir dairesel po-
larizasyon bileseni ile dinamik bir etkilesimden kaynaklandigini ortaya koymaktadir.

Son olarak, bu temel bilgilerden yararlanarak, 2B malzeme tabanl bir tek-foton
kayna8inin, islevsel bir kuantum anahtar dagitimi sistemine ilk entegrasyonunu rapor
ediyoruz. Karakterize edilmis bir hBN kusur merkezi, oda sicakliginda calisan serbest
uzay B92 protokolii uygulamasinda kuantum 1s1k kaynagi olarak kullanilmis ve %8.95°lik
bir kuantum bit hata orani ile giivenli bir anahtar basariyla olusturulmustur. Bu ¢alisma,
sadece hBN tek foton yayicilarinin karmasik fotofizigine dair daha derin bir anlay1s sagla-
makla kalmay1p, ayn1 zamanda pratik kuantum iletisim teknolojileri i¢in saglam ve olcek-

lenebilir bir kaynak olarak uygunluklarini da dogrulamaktadir.
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CHAPTER 1

INTRODUCTION

The rise of quantum technologies has spurred intense research into solid-state
single-photon sources (SPSs), which are essential components for quantum computation
(1), communication (2), sensing (3), quantum key distribution (QKD) (4), and quantum
random number generation (5, 6). These technologies utilize non-classical light to achieve
functionalities that are unattainable with classical resources, including enhanced security,
parallel processing, and increased sensitivity. Quantum computers use single photons as
qubits to exploit superposition and entanglement for scalable logic operations. In sens-
ing, quantum correlations enable improved resolution and noise suppression, while QKD
protocols ensure provably secure information exchange. Quantum random number gen-
erators derive their unpredictability from fundamental quantum indeterminacy, offering
certified randomness critical for cryptographic applications. These and other quantum-
enabled technologies rely on precise control of single-photon properties.

Among the key candidates for SPSs, quantum dots (7, 8), color centers in diamond
(9), and emerging two-dimensional (2D) materials (10, 11) have demonstrated outstand-
ing potential. In particular, hexagonal boron nitride (hBN), with its wide bandgap and
the ability to host bright and optically stable defects, has emerged as a robust platform
for room-temperature quantum emitters (/2, /3). These defect-based SPSs span a broad
spectral range (/4), offer integration compatibility with photonic circuits (/5), and demon-
strate resilience in high temperature environments (/6). Furthermore, the scalability and
chemical stability of hBN provide a viable route for practical and large-scale deployment
of SPSs (17, 18). Despite impressive progress in fabricating and characterizing hBN
quantum emitters (/9-22), a comprehensive understanding of their emission properties,
particularly polarization characteristics, remains limited.

Single-photon sources are often characterized by features such as photon purity
(23), indistinguishability (24), brightness (25), and emission dynamics (26), which are
central to many quantum applications. Among these attributes, polarization plays a dual
role: it is both a fundamental physical observable and an information carrier (27). In
photonic quantum computing, polarization qubits enable interference-based gates and en-
tanglement (28, 29), while in QKD protocols such as BB84 or B92, polarization encodes

cryptographic keys (30). However, the polarization of photons emitted from defect-based



sources is often degraded due to local strain, phonon interactions, or nearby charge en-
vironments (31, 32). Furthermore, most studies characterize polarization using time-
averaged intensity measurements, which overlook the dynamic effects that arise during
excited-state evolution. This underscores the need for advanced methods to access com-
plete polarization information, including circular components, and resolve temporal vari-
ations on the nanosecond scale.

To realize high-performance quantum devices, the optimization of quantum emit-
ters must extend beyond brightness and purity to incorporate complete polarization con-
trol (33-35). Techniques such as resonant excitation (36, 37), cavity coupling (38, 39),
and emitter waveguide integration (40) have been proposed to enhance quantum light-
matter interfaces. Nevertheless, a precise understanding of the system’s dynamics is es-
sential for engineering emitter environments, minimizing decoherence (47), and tailoring
emission properties for specific applications (42, 43). In this context, our recent work in-
troduces a novel combination of time-resolved Stokes parameter analysis and dipole crys-
tal orientation mapping, performed on single defects in hBN and nanodiamond platforms
(44, 45). This approach provides sub-nanosecond resolution for the temporal evolution of
polarization and dipole misalignment, offering crucial insights for polarization-encoded
protocols and a fundamental understanding of defect emission processes. Our findings
pave the way for new emitter characterization schemes, the identification of emitters (46—
48), and the rational design of defect-based SPSs with engineered polarization profiles.

The remainder of this thesis is structured as follows:

Chapter 2 provides the theoretical background necessary for this work. It covers
the principles of single-photon emission, including photon statistics and coherence func-
tions, introduces the fundamentals of solid-state emitters, and details the mathematical
formalisms, such as Stokes parameters, used to describe polarized light.

Chapter 3 details the experimental methods employed throughout our research.
This includes a description of the custom-built confocal micro-photoluminescence setup,
the principles of time-correlated single photon counting for lifetime analysis, and the
second-order photon correlation measurement technique used to verify single-photon emis-
sion.

Chapter 4 presents the first main experimental study of this thesis, focusing on the
polarization dynamics of hBN emitters. It first details the time-resolved analysis in a lin-
ear basis, revealing dynamic changes in the degree of linear polarization. It then presents
a more comprehensive analysis using Stokes parameters to decompose the emission into

its linear and circular components and map its evolution on the Poincare sphere.



Chapter 5 details the second significant contribution: the application of an hBN
single-photon source in a quantum communication protocol. It provides an overview of
QKD principles, followed by a detailed account of our proof-of-concept demonstration of
the B92 protocol, including the system’s performance, error analysis, and a simulation of
its future potential.

Chapter 6 concludes the thesis by summarizing the key findings from our studies
on polarization dynamics and QKD, discussing their broader scientific and technological

implications, and providing an outlook on promising future research directions.



CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, we provide a brief theoretical foundation to support the experi-
mental work presented in this thesis. We begin by discussing photon statistics to establish
a foundation for understanding single-photon emission. Subsequently, we explore the
mechanisms of non-resonant single-photon emission using relevant mathematical mod-
els, followed by an introduction to single-photon sources, with an emphasis on solid-state
systems and the role of the Franck-Condon principle in optical responses. The chapter
concludes with an overview of hBN as a single-photon source and the mathematical rep-

resentation of light, with a focus on Stokes polarization parameters.

2.1. Single Photon Emitters

Single photon emitters (SPEs) are crucial for quantum technologies due to their
ability to produce light with unique statistical properties. Understanding these properties
begins with an analysis of photon statistics, which characterize the emission behavior of

different light sources.

2.1.1. Photon Statistics

The probability P(n) of detecting n photons in a coherent state of light is given by
(49):

—n ,—1

Pn) =

, n=0,1,2,.. 2.1

where 7 is called the mean photon number, or mean value in general. Equation
2.1 describes the Poisson Distribution. The Poisson distribution provides a statistical
model for situations where events occur randomly and return only integer values. When
applied to photon statistics, the Poisson distribution is often associated with coherent light

sources, such as ideal lasers, where the emission of photons is a purely random process.



A notable feature of the Poisson distribution is that its variance (An)? is equal to its mean

value 71, leading to the relationship:

(An)? = 7, (2.2)

where An is the distribution’s standard deviation and represents the light beam’s
photon number fluctuations. This equality between the variance and the mean photon
number is a hallmark of coherent light sources, serving as a reference point for comparing

other types of light sources.
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Figure 2.1: Photon number distributions for Poissonian light with different mean photon numbers
(7). The distributions demonstrate how increasing the mean photon number broadens the distri-
bution, transitioning from a highly peaked form at # = 0.1 to a more symmetric and spread-out
distribution at 77 = 10.

Figure 2.1 displays the general behavior of the Poisson distribution for various 7
values. As 7 increases, the distribution broadens and becomes more symmetrical around
its mean value. For 72 = 0.1, the probability of detecting exactly one photon is negligible
and dominated by the likelihood of detecting zero photons. In contrast, for 7 = 1, the
probability of detecting exactly one photon is comparable to that of detecting two pho-
tons, with higher photon numbers also having considerable probabilities, highlighting the
inefficiency of single-photon generation in weak Poissonian sources such as an attenuated

laser beam.



2.1.2. Classification of Light by Photon Statistics

Photon statistics not only describe the probability of detecting a certain number
of photons but also allow for the classification of light based on the nature of photon
number fluctuations. The standard deviation of the photon distribution An compared to
the mean photon number 7 determines the classification of light. There are three possible

categories:
e super-Poissonian statistics: An > V7,
¢ Poissonian statistics: An = Vi,

¢ sub-Poissonian statistics: An < Vii.

== Poissonian
0.08 - me= Sub-Poissonian ]

= = = Super-Poissonian

=

= n=100

iy

%

S0.04} T

IS

Sl

[}

0 i
0 50 100 150 200

Photon Number (n)

Figure 2.2: Photon number distributions P(n) for a mean photon number 7z = 100. The Poisso-
nian (solid red), Sub-Poissonian (solid blue), and Super-Poissonian (dashed green) distributions
illustrate different statistical regimes of photon number fluctuations (49).

The difference between the three cases is illustrated in Figure 2.2. Super-Poissonian
light exhibits larger fluctuations in the photon number compared to Poissonian light. This
is typical of thermal or chaotic light sources, where photon bunching increases the vari-
ance of the photon statistics. The broader distribution of super-Poissonian light, as shown

in Figure 2.2, reflects this higher variability.
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Figure 2.3: Photon number distribution P(n) for a beam of light with a fixed photon number 7
with no fluctuations. Such states are called photon number states (Fock states), and the distribution
is a delta function at n = #1. The figure shows the 7 = 1 for Fock and Poissonian Distributions.

Sub-Poissonian light, by contrast, demonstrates reduced fluctuations compared to
a Poisson distribution. This behavior is characteristic of quantum light sources, particu-
larly those that emit single photons. The ideal case of a sub-Poissonian distribution would
be a sharp peak at 7 = 1, representing a perfect single-photon source illustrated in Fig-
ure 2.3. The Poissonian distribution with 7 = 1 is also shown in the figure for better
comparison. Such light sources are crucial in quantum technologies, where suppressing

multi-photon events is necessary.

2.1.3. The Second-Order Coherence Function

While the classification based on photon number fluctuations (An versus Vi) pro-
vides a theoretical framework for understanding different types of light, an experimen-
tally accessible quantity that directly probes these statistical properties is the normalized
second-order coherence function, denoted as g (7). This function measures the corre-
lation between the intensity of a light field at two different times, # and ¢ + 7, effectively
quantifying the conditional probability of detecting a photon at time 7 + 7, given that one
was detected at time .

Classically, for a light field with electric field &E(¢) and instantaneous intensity /(¢)
(where I(t) oc |E(1)]?), and assuming a statistically stationary light field (where average

properties are independent of the absolute time 7), the normalized second-order coherence



function is defined as (50, 51):

EHEE+1)EE+1)E(1)) _ A I(t+ 1))

@y —
87 (EDR)? q0)?

(2.3)

Here, (... ) denotes a time average over ¢. The value of g (1) at zero time delay, g (0), is
particularly insightful. It is important to note that for any classical field theory, where light
is described by fluctuating electric fields or intensities, it can be shown (e.g., using the
Cauchy-Schwarz inequality) that g®(0) > 1 (50). Therefore, the observation of g (0) <
1 is a direct signature of the quantum nature of light, indicating that a purely classical

description is insufficient. The classification based on g*(0) is as follows:

e ¢@(0) = 1: This characterizes Poissonian light (e.g., an ideal laser). Photon detec-
tion events are independent; the detection of one photon provides no information

about the likelihood of detecting another immediately.

e g@(0) > 1: This indicates super-Poissonian light (e.g., thermal or chaotic light).
This phenomenon is known as photon bunching, where photons have a higher-than-

random probability of arriving in close succession. For thermal light, g?(0) = 2.

e g9(0) < 1: This signifies sub-Poissonian light, a non-classical feature. This phe-
nomenon is known as photon anti-bunching, where the detection of one photon

reduces the probability of detecting another photon immediately.

For an ideal single-photon emitter, which by definition emits one photon at a time,
it is impossible to detect two photons simultaneously. Consequently, such a source would
exhibit g (0) = 0. In experimental reality, factors like detector dark counts, background
light, and multi-photon emission from imperfect sources lead to g®(0) > 0. A widely
accepted criterion for claiming single-photon emission is g?(0) < 0.5 (52, 53), indicating
that the probability of detecting two photons simultaneously is at least halved compared
to a coherent source of the same intensity.

For stationary light sources, as T — oo, the photon detection events become uncor-
related, and g®(r) — 1. The full temporal behavior of g®(r) provides information about
the emission dynamics of the source, such as excited state lifetimes or, in more complex
systems, transitions to metastable states.

These characteristic behaviors of g@(t) for different types of light are illustrated
in Figure 2.4. For thermal light (super-Poissonian), photon bunching is observed as a

peak with g®(0) = 2, which then decays towards g?(r) = 1 for larger 7. Coherent
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Figure 2.4: Characteristic second-order coherence functions g®)(r) for different types of light
sources. Thermal light shows photon bunching with g?(0) = 2. Coherent light exhibits Pois-
sonian statistics with g?(7) = 1. An ideal single-photon emitter displays perfect photon anti-
bunching with g®(0) = 0, which recovers to 1 for 7 > 0. Real SPEs show 0 < g®(0) < 0.5.

light (Poissonian) exhibits a flat line at g®(r) = 1, indicating no correlation between
photon detection events at any time delay. In contrast, an ideal single-photon emitter
(sub-Poissonian) shows a distinct anti-bunching dip, with g®(0) = 0, signifying that no
two photons are emitted simultaneously. This dip then recovers towards g?(7) = 1 on
a timescale often related to the emitter’s excited state lifetime, as the system becomes
ready to emit another photon after a characteristic recovery period. For realistic SPEs,
imperfections and background lead to 0 < g®(0) < 0.5, but the anti-bunching dip remains
the key signature. Notably, even a highly attenuated pulsed laser with a mean photon
number per pulse 7i < 1 (e.g., i = 0.1) retains Poissonian statistics and yields g®(0) ~ 1,
distinguishing it clearly from true single-photon sources despite its low photon flux.

Experimentally, g®(7) is typically measured using a Hanbury Brown and Twiss
(HBT) interferometer (54). In this setup, light from the source is divided by a 50:50
beamsplitter, with each output path directed to a separate single-photon detector. A time-
to-digital converter records the time differences between photon arrival events at the two
detectors. A histogram of these time differences, after appropriate normalization, yields
the g® (1) function.

The measurement and analysis of g®(r) are thus fundamental tools for verifying



the quantum nature of light and for the characterization and validation of single-photon
emitters, which are central to many quantum technologies. In the context of this thesis,
the measurement of g®(7) via an HBT setup (introduced in chapter 3) is the definitive
experimental method used to confirm the quantum, single-photon nature of the individual

emitters investigated in hexagonal boron nitride.

2.1.4. Modeling Single-Photon Emission, Three-Level System

The emission of single photons is most fundamentally described by a quantum
two-level system, where an emitter cycles between a ground and an excited state. While
this model correctly captures the essential signature of an emitter—photon antibunching
at zero time delay (g¥(0) = 0)—it fails to describe more complex photodynamics com-
mon in real-world systems (53). Specifically, many solid-state emitters, including those
in hBN, display fluorescence intermittency (blinking) and an associated photon bunching
effect at intermediate time delays (where g®(r) > 1). This behavior indicates that the
emitter can be temporarily ’shelved’ in a long-lived, non-radiative dark state after excita-
tion (55). To accurately account for this shelving mechanism, the two-level picture is ex-
tended to a three-level system, which incorporates this third metastable state. This model
provides the simplest framework that quantitatively reproduces these experimental ob-
servations and is thus fundamental for describing the dynamics of realistic single-photon

emitters (56).

Three-Level System Model

A three-level system consists of a singlet ground state, an excited state, and a
triplet dark (metastable) state, as displayed in Figure 2.5. The system is optically driven
by an excitation rate y;,, which promotes population from the ground state to the excited
state. The excited state can decay back to the ground state by the transition rate y,;, which
encompasses both radiative and non-radiative decay processes.

In addition to these decay processes, an alternative non-radiative pathway known
as intersystem crossing (ISC) allows the emitter to transition from the excited singlet
state to the triplet dark state at a rate y,3. Since ISC is typically spin-forbidden, this
transition occurs with low probability but can significantly affect the emission properties
by temporarily shelving the emitter in the dark state. The return transition from the triplet
state to the ground state occurs at a rate y3;, which is often slow, further reducing the

effective photon emission rate. These processes play a crucial role in determining the
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Figure 2.5: Schematic representation of a three-level system. The system consists of a singlet
ground state |1), an excited singlet state |2), and a long-lived triplet state |3).

emission efficiency and stability of single-photon sources. The transition rate equations

in terms of populations p; and rates are given by (56).

P = =yuepi+ O+ Yu)P2 + Y3103 (2.4)
P2 = yepi— 0+ Yur +Y23)D2s (2.5)
D3 = Y23P2— V31P3» (2.6)

1 = pi+p2+ps. (2.7)

In this system, vy, represents the excitation rate induced by an external light
source, which drives the population from the ground state to the excited state. The to-
tal decay rate from the excited state to the ground state is given by y,; = ¥, + ¥,,, where
v, corresponds to radiative emission of a photon and v, accounts for non-radiative losses
due to interactions with the environment. The transition rate y,3 describes the probabil-
ity of the emitter entering the dark state from the excited state, while y3; governs the
slow return of the emitter from the dark state to the ground state. Equation (2.7) ensures
population conservation, meaning the emitter always remains in one of the three states.

The steady state of the system is given by assuming that the population p; for all
states remains constant over time. Consequently, their time derivatives are set to zero, and

the rate Equations (2.4) - (2.7) become a set of four linear equations.
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0 = —yopi+ O+ Yu)P2 + v31D3, (2.8)
0 = yupi =+ Yur +¥23)D2s (2.9)
0 = yuap2—vyaps, (2.10)
1 = pi+p2+ps. (2.11)

Solving this set of equations for p,, we find

_ (1 +y2/y31)~"

1 1 Owrtyrtys) ”
Yizo 1+y23/y31

P2 (2.12)

The rate R at which the system emits photons can be defined as R = p,y, in terms
of the population of the excited state p, and radiative transition rate y,. Substituting the

population p,, we find

P/Pg
1+ P/Pg -
where P is the power of the excitation light, defined by y,, = P/(fiw). Two param-

R(P) = R (2.13)

eters R, and Py are defined as

-1
Rm:y%1+2§), (2.14)
Y31
r + nr +
py = LT Y TV (2.15)

(M +ynlyn)

indicating the saturated emission rate R., and the excitation power P; where the
emission rate equals R, /2. Figure 2.6 illustrates this characteristic saturation behaviour:
the normalised emission rate R/R., rises with increasing normalised excitation power
P/P; and asymptotically approaches unity as the intensity becomes much larger than P,

a consequence of the finite lifetime of the excited state.
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Figure 2.6: Normalized saturation curve of a three-level quantum emitter. The emission rate R is
normalized to its maximum value R, and the excitation power P is normalized to the saturation
power P;. The curve follows the functional form R = 1 fﬁ,’;;) , demonstrating the characteristic

Roo
saturation behavior as P/P, — oo.

2.1.5. Time-Dependent Analysis of Three-Level System

Although the experimental realization of saturation behavior under increased exci-
tation powers is indicative of a single emitter, definitive identification requires an analysis
of the light’s statistical properties. This is primarily achieved through measurements of
the second-order coherence function g?(7), as introduced in Section 2.1.3. For analytical
modeling of an emitter, particularly a three-level system, g®(r) (defined by Eq. (2.3)) can
be related to the dynamics of the emitter’s internal states. Specifically, it can be expressed
in terms of the conditional probability of the emitter being in the excited state |2) at time
7, given it was in the excited state and emitted a photon at 7 = 0, leading to:

p2(tlemission at T = 0)

@(r) = 2.16
g7 pa(steady state) (2.16)

where p,(tlemission at 7 = 0) is the probability of finding the system in the excited state
|2) at time 7 after an emission event at 7 = 0, and p,(steady state) (or p(co0) as you

used later) is the steady-state population of the excited state. For a system that has just
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emitted a photon and returned to the ground state, p,(rlemission at 7 = 0) is equivalent
to the population p,(7) of an initially unexcited system that evolves over time 7 under
continuous excitation (56). Thus, this is often written as:

@) = 220 2.17)

pa(e0)’
where p,(7) is the time-dependent population of the excited state (assuming the system
starts in the ground state after an emission at 7 = 0), and p,(o0) is its steady-state value.
Solving the rate equations (2.4)—(2.7) for p,(7) and substituting the solution into Equa-

tion (2.17), we obtain the following expression for the autocorrelation function (56):

A A
)= =1+ 22 e + 22697 + 1 2.18
g7 (1) ( A3)e " ) (2.18)

where the parameters sy, s, and A, /A3 are approximately given by

St X —(Y12 +Y21), (2.19)
P (731 + w) (2.20)
Y12 + Y21
A
39 ~ Y12Y23 , @2.21)
As Y31(Y12 + v21)
under the assumption that
Y21 = Yi2 > Y23 2 V3. (2.22)

This approximation reflects a typical hierarchy of transition rates in three-level
single-photon emitters, where the excitation and decay rates between the singlet ground
and excited states (y, and 7y,;) are significantly faster than the intersystem crossing (y»3)
and the decay from the triplet state back to the ground state (ys;). This separation of
timescales is commonly observed in systems where non-radiative relaxation through dark
states leads to photon bunching behavior in the autocorrelation function.

Figure 2.7 shows the behavior of second-order autocorrelation function g (1), as
described by Equation (2.17), for two excitation powers. Three characteristic behaviors
can be observed: the antibunching dip at short times, where 7 ~ 0, originates from the
first term in Eq. (2.18). Photon bunching at intermediate times around 7 ~ 1077 arises
due to ISC to the triplet dark state, causing the emitter to remain in the dark state until a

spin flip occurs, which is commonly known as the blinking of the emitter (55). Lastly, the
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Figure 2.7: Second-order autocorrelation function g®(r) plotted for two excitation powers. The
excitation rates are set to y;» = 1 x 107 s7!, and 2 x 107 s~!, while the transition rates between the

singlet and triplet states are set to realistic values typical to single emitters i.e. yo; = 2 x 108571,
¥23 =5x10°s7!, and y3; = 3 x 10*s7 1.

normalization of g®(7) at long times indicates the absence of time correlation between
detected photons when the delay between detection events is sufficiently long, i.e., for
7> 107* seconds.

Additionally, Figure 2.7 illustrates that as the excitation power increases, the
bunching amplitude at intermediate times becomes more pronounced. At the same time,
the antibunching dip near 7 = 0 narrows, reflecting the faster cycling of the emitter be-

tween the ground and excited states.

2.2. Fundamentals of Solid-State Single-Photon Sources

Solid-state single-photon sources are integral to many quantum technologies, as
outlined in Chapter 1. Platforms such as semiconductor quantum dots, color centers in
diamond, and defects in two-dimensional (2D) materials like hBN are particularly valued
for their potential scalability and integration capabilities (7—11). Figure 2.8 illustrates
several prominent examples of these solid-state SPS platforms. Understanding the funda-

mental optical properties of these emitters within their solid-state environment is crucial
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for their development and application, and forms the focus of this section. Key desirable
characteristics for any SPS include high single-photon purity (¢®(0) ~ 0), brightness,
high collection efficiency, and high indistinguishability (17, 24, 26).

A  Color centres in bulk 3D host and nanocrystals b 2D hosts and CNTs

Figure 2.8: Examples of solid-state single-photon emitters across various material platforms. (a)
Defects in bulk 3D crystals (showcasing diamond, SiC, YAG, and ZnO in insets) and nanocrys-
tals. (b) Emitters in 2D hosts: a confocal map illustrating emission from transition metal dichalco-
genides such as WSe; (left), and defects in hexagonal boron nitride (right). (c¢) Excitons at oxygen-
related defects in single-walled carbon nanotubes (CNTs). (d) A nitride quantum dot embedded
in a nanowire waveguide. (e) Self-assembled InAs QDs. Figure reproduced with permission from
Springer Nature (/7), which itself contains material adapted from multiple sources.

2.2.1. Optical Signatures of Emitters in Solid-State Environments

The emission properties of an SPS are intimately linked to its local environment,
especially in solid-state systems. The host material can influence the emitter through var-
ious mechanisms such as local strain, crystal fields, and, significantly, through interaction
with lattice vibrations, or phonons (37, 32). These interactions shape the optical spectrum
of the emitter, which typically consists of a sharp Zero-Phonon Line (ZPL) accompanied
by Phonon Sidebands (PSBs).
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2.2.2. The Franck-Condon Principle and Phonon Coupling

A ———————— —
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Figure 2.9: The Franck-Condon principle for a solid-state emitter, shown on a configuration co-
ordinate diagram with ground (E,) and excited (E,) electronic states, their respective vibrational
levels (v'), and equilibrium configurations (gg, q.). Arrows illustrate: optical absorption (solid
blue) to a higher vibrational level in E,, followed by non-radiative relaxation (dashed black); and
subsequent optical emission (solid red, depicting a PSB transition) to a higher vibrational level in
E,, followed by non-radiative relaxation (dashed black). An emission transition of v/ —1" = 0
would correspond to the ZPL.

The characteristic spectral shape of solid-state emitters, featuring a ZPL and as-
sociated PSBs, can be understood through the Franck-Condon principle. This principle,
initially developed for molecules, describes the electronic (vibronic) transitions between
different electronic states where the nuclear coordinates of the system do not instanta-
neously change during the rapid electronic transition. In a solid-state defect, the nuclei
correspond to the defect atoms and the surrounding lattice ions.

Figure 2.9 illustrates this principle using a configuration coordinate diagram. The
diagram shows the potential energy surfaces of the ground (E,) and excited (E.) electronic
states of the emitter as a function of the configuration coordinate. The minima of these

potentials, representing the equilibrium configurations of the system, are located at g, for
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the ground state and ¢, for the excited state, indicating a horizontal offset due to different
equilibrium geometries. Each electronic state possesses a set of quantized vibrational
(phononic) levels (labeled v").

During optical excitation (absorption), the system transitions from the ground
electronic state (typically its lowest vibrational level at low temperatures) to the excited
electronic state. According to the Franck-Condon principle, this transition is vertical on
the configuration coordinate diagram, meaning the nuclear configuration remains fixed. If
the potential energy surfaces of the ground and excited states are offset horizontally (due
to different equilibrium geometries, as indicated by ¢, and ¢, in Figure 2.9), the system
will likely land in a higher vibrational level of the excited state. The emitter then rapidly
relaxes non-radiatively to the lowest vibrational level of the excited state by emitting
phonons into the host material, typically on picosecond timescales (57).

Subsequently, emission occurs as the system transitions from the lowest vibra-
tional level of the excited electronic state back to the ground electronic state. Again, this
is a vertical transition. If the transition occurs to the lowest vibrational level (V = 0)
of the ground state without creating any phonons, the emitted photon has an energy cor-
responding to the ZPL. Alternatively, if the transition terminates on a higher vibrational
level of the ground state (as illustrated in Figure 2.9), one or more phonons are created,
and the emitted photon has a correspondingly lower energy, contributing to the PSB. The
PSB thus provides a map of the phonon modes coupled to the electronic transition of the
defect. The relative intensity of the ZPL to the total emission is quantified by the Debye-
Waller factor (fpw), which is defined as the ratio of the integrated intensity of the ZPL to
the total emission spectrum (fpw = IzpL/(IzpL + Ipsg)) (58). This factor is temperature-
dependent; at higher temperatures, increased phonon occupation leads to stronger PSB
emission and a weaker ZPL.

The phonon modes involved are characteristic of the host material and the local
environment of the defect. For instance, in 2D materials like hBN, specific lattice phonon
modes (e.g., optical phonons with energies in the range of 160-200 meV) are often ob-
served in the PSB of defect emitters, providing valuable information about the emitter-
phonon coupling (/4, 43). The strength of this coupling affects the spectral width of the
ZPL and the overall spectral shape, which are crucial for applications that require spec-
trally narrow and stable emitters. Therefore, the analysis of an emitter’s spectral shape,
particularly the ZPL and its associated PSB, is a crucial experimental tool used in the
subsequent chapters to characterize individual defects in hBN and probe their coupling to

the host lattice.
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2.3. Hexagonal Boron Nitride as a Single Photon Source

Following the general principles of optical transitions and photon statistics in
solid-state emitters discussed previously in this chapter, hBN has emerged as a promi-
nent 2D material for hosting robust SPEs, as highlighted in Chapter 1 (59). Its wide
bandgap and ability to host bright, optically stable defects make it a compelling platform
for room-temperature quantum emitters (/2). This section explores the specific properties
of hBN relevant to these quantum emitters, focusing on their characteristic features and

providing a theoretical foundation for the experimental work presented in this thesis.
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Figure 2.10: Structural, optical, and quantum emission properties of single-photon emitters in
hexagonal Boron Nitride. (a) hBN honeycomb lattice (Boron: larger blue spheres, Nitrogen:
smaller red spheres) with a representative nitrogen vacancy (Vy) defect site. (b) Schematic en-
ergy band diagram of hBN showing its wide bandgap (E; ~ 6 €V) and a representative intra-gap
three-level emitter. (c¢) Typical photoluminescence spectrum of an hBN SPE displaying a ZPL and
PSB; inset: characteristic linear excitation and emission polarization. (d) Second-order autocor-
relation function g (7) exhibiting photon antibunching (¢®(0) < 0.5), confirming single-photon
emission.

The suitability of hBN as a host for SPEs stems from several key material charac-
teristics. Structurally, hBN is a van der Waals crystal composed of hexagonally arranged

boron (represented as larger blue spheres in Figure 2.10a) and nitrogen atoms (smaller
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red spheres in Figure 2.10a), forming a honeycomb lattice analogous to graphene, often
referred to as "white graphene" (60). Electronically, it is a wide bandgap insulator, with
reported bandgap values typically in the range of 5.8-6.4 eV (61), as schematically de-
picted in Figure 2.10b. This significant energy gap is crucial as it allows for the presence
of deep electronic defect levels within the gap, which can act as optically active centers
emitting photons across a broad spectral range, well-isolated from the material’s band-
edge transitions. The vibrational properties of the hBN lattice also play a critical role
in shaping the optical spectra of its embedded emitters. hBN possesses a rich phonon
spectrum, with distinct high-energy optical phonon modes (e.g., E>, modes) frequently
observed with energies in the range of approximately 160-200 meV (48). As detailed
in the discussion of the Franck-Condon principle (cf. Figure 2.9), the coupling of an
emitter’s electronic transition to these lattice phonons is responsible for the characteristic
PSBs observed in their emission spectra (see Figure 2.10c). Furthermore, hBN exhibits
excellent optical transparency, high thermal conductivity, and notable chemical and ther-
mal stability, contributing to the robustness of emitters hosted within it (15).

Quantum emitters in hBN have attracted significant attention due to their bright
and stable single-photon emission, often observable even at room temperature (/2). De-
spite intense research, the precise atomic nature and origin of many SPEs in hBN remain
subjects of ongoing investigation and debate (46). Current understanding suggests they
are often associated with point defects, with common hypotheses including intrinsic de-
fects such as nitrogen vacancies (Vy) or boron vacancies (V) (potentially the V for
spin-active defects (27)), antisite defects (Ng, By) (62), and, increasingly, defect com-
plexes involving extrinsic impurities like carbon (e.g., CgVy, CyVp) (20, 47) or oxygen.
This wide variety of potential defect structures is believed to be responsible for the broad
distribution of optical and quantum properties observed across different hBN emitters.
Structural features, such as wrinkles or localized strain fields, are also thought to play a
role (22). Various treatments, including annealing or irradiation, are commonly employed
to create or activate these emitters (63, 64).

The quantum emitters in hBN exhibit a rich set of optical and quantum character-
istics that make them promising for quantum applications. They emit across a broad spec-
tral range from the UV to the near-IR (59), with individual emitters typically displaying a
sharp ZPL accompanied by a PSB at cryogenic temperatures (Figure 2.10c). The PSB’s
structure, governed by the Franck-Condon principle (cf. Figure 2.9), reflects coupling to
hBN’s high-energy optical phonons, and the ZPL intensity relative to the total emission is
quantified by the temperature-dependent Debye-Waller factor (fpw) (65). Crucially, their
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single-photon nature is confirmed by strong photon antibunching in the second-order cor-
relation function, g?(0) < 0.5 (Figure 2.10d), as detailed in Section 2.1.3 (66). The
excited-state lifetimes are typically in the nanosecond range (22, 26), which influences
their maximum emission rates and relates to the transition dynamics described by the
three-level system model (e.g., Equations 2.4-2.7).

Many hBN emitters are notably bright and photostable (12, 61), though some may
exhibit blinking or spectral diffusion (47, 67). A significant attribute is their often strong
linear emission polarization (illustrated in the inset of Figure 2.10c), linked to defect
symmetry and orientation within the hBN crystal (/3, 37). As highlighted in Chapter 1, a
comprehensive understanding and control of these polarization properties, including their
dynamics, are central to the research presented in this thesis. Furthermore, their optical
properties can be sensitive to the local environment, including strain and electric fields
(32, 67), offering pathways for tuning but also presenting challenges for homogeneity.

The diverse family of quantum emitters hosted in hexagonal boron nitride offers
a compelling platform for advancing quantum science and technology (10, 17). Their
intrinsic brightness, photostability, and operation across a wide spectral range (including
at room temperature for many (/6)) underscore their significant potential, as well as their
compatibility with van der Waals heterostructure integration. However, fully realizing this
potential necessitates overcoming challenges related to the precise identification of defect
structures, achieving deterministic control over emitter placement and spectral properties
(18, 19), and mitigating environmental perturbations (4/). A deeper understanding and
refined control of all their emission characteristics, particularly the dynamics of their
polarization state as emphasized in Chapter 1, are crucial for tailoring these SPEs for
sophisticated quantum applications, forming a key motivation for the work presented in

subsequent chapters.

2.4. Mathematical Representation of Light

While the previous sections detailed the physical properties of quantum emitters in
hBN, a complete experimental investigation requires a rigorous method to characterize the
polarization of the light they emit. A frequent and pivotal observation for many emitters
in hBN, including those studied in this work, is that their emission does not always appear
to be perfectly linearly polarized; that is, measurements often yield a Degree of Linear
Polarization (DoLP) less than one.

This observation presents a critical ambiguity. A low DoLP could arise from two

21



distinct physical scenarios: the emitter could be intrinsically emitting fully polarized but
elliptical or circular light, or it could be emitting light that is genuinely partially polar-
ized-an incoherent mixture of a polarized component and an unpolarized one, resulting in
a Degree of Polarization (DoP) less than one. Distinguishing between these possibilities
is crucial for understanding the emitter’s underlying symmetry and photodynamics. The
commonly used Jones formalism, which describes only fully polarized light, is insuffi-
cient for this task as it cannot represent an unpolarized component. Therefore, to resolve
this ambiguity, the more comprehensive Stokes formalism is required. By allowing for
the characterization of any polarization state, the Stokes parameters make it possible to
determine the DoP and thus differentiate between elliptically polarized and partially po-
larized emission. For this reason, the Stokes formalism is an essential tool, not merely a
convenient choice, for the in-depth analysis of hBN emitters undertaken in this thesis.
There are three widely adopted formalisms to represent the polarization of light.
The polarization vector represents the electric field of a monochromatic plane wave in
its raw form, without any simplifications, such as restricting light propagation to a single
direction. The polarization vector formalism is commonly used in ray tracing calculations
where light propagates in multiple directions and interacts with various components and

media that alter its polarization.

Table 2.1: Overview of commonly used representations for polarized light in theoretical and
computational optics. Each representation varies in its ability to describe various properties of the
light as indicated in the corresponding polarization element column.

Light Representation Properties Polarization Element
Representation Representation
e Monochromatic plane wave in arbitrary di-
rection
Polarization : é;rrllp(lilgsggbinﬁlg;ﬁ:efcf 2 rmation Pola'rization Ray
Vector e Cannot describe partially or unpolarized Tracing Matrices
light
e Three complex elements
e Monochromatic plane wave along z-axis
e Amplitude and phase information
Jones e Can describe interference .
Vector e Cannot describe partially or unpolarized Jones Matrices
light
e Two complex elements
e Incoherent light along z-axis
e Intensity information
Stokes e Cannot describe interference Mueller Matrices
Parameters

e Can describe partially or unpolarized light
e Four real elements
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In most practical cases, light propagates in a single direction, conventionally des-
ignated as the z-axis. Such light has no electric field component along the z-axis and,
therefore, can be represented by a two-component vector known as the Jones vector. The
Jones vector can be seen as a simplified polarization vector with only two complex com-
ponents. It is still expressed in terms of the amplitude and phase of the electric field.
Components that alter polarization can be represented by 2 X 2 operators, known as Jones
matrices. The polarization vector and Jones formalisms cannot describe partially or un-
polarized light, where the amplitude and phase of the electric field fluctuate in either
preferred or completely random orientations during propagation. One must use a differ-
ent representation known as Stokes formalism to account for partially and unpolarized
light.

The main differences between these three common light representations are sum-
marized in Table 2.1. The appropriate formalism for representing and performing calcula-
tions with light must be chosen according to the properties of light and the intended study.
Since our study involves partially polarized light, Stokes parameters are appropriate for
representing light and performing related calculations.

This chapter provides an overview of Stokes parameters, which serve as a math-
ematical framework for analyzing completely polarized, partially polarized, and unpolar-
ized light. We then explore the Poincare sphere, a geometrical depiction of polarization
states that correlate with Stokes parameters. Additionally, we illustrate how Mueller ma-

trices function as operators for various optical components.

2.4.1. Stokes Polarization Parameters

Stokes parameters of a monochromatic plane wave propagating in the z-direction
are defined as (68)

So(t):(%eonc IEL0F + |E, (1) (2.23)
Sl(t):(%eonc IEL0F - |E, (1) (2.24)
Sa(t) = (%eonc |ECOE; () + EXOE,(1)], (2.25)
S3(t) = (%eonc |—EDE; (1) + iE1E,®)], (2.26)
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Where €, n, and ¢ are the permittivity of vacuum, the refractive index of the

medium that light propagates in, and the speed of light, respectively. Dropping the pref-

1

2eonc), which effectively normalizes the parameters to the intensity of the light,

actors (
and using the definition of the electric field in terms of amplitude and phase, Stokes pa-

rameters can be rewritten as

So(t) = €(1) + &), (2.27)
S1(1) = (1) — €.(0), (2.28)
(1) = 2e1)e,(t) cos[po(D)], (2.29)
S3(1) = 2€(1)e,(t) sin[—¢o(D)], (2.30)

where ¢; is the amplitude of electric field components and ¢(¢) is the phase difter-
ence between electric field components defined as ¢o(1) = ¢.(r) — ¢,(r). Here, we adopt
the notation of reference in (68), where S5(7) is positive for right elliptically polarized
light and negative for left elliptically polarized light.

With the definitions above, Stokes parameters are often represented by a column
matrix [So S S, S3]”, carrying both intensity and polarization information of a plane
wave. Stokes parameters are often used in their normalized form, where all parameters
are divided by Sy, considering a light beam of unit irradiance. To provide a compar-
ative overview, Stokes parameters and Jones vectors for various polarization states are
presented in Table 2.2.

In classical electromagnetic theory, the amplitude and phase values of a monochro-
matic light are time-independent, meaning it is always completely polarized. Therefore,

Stokes’s parameters for a monochromatic light satisfy the following condition.

S:=81+57+53. (2.31)

As a result, only three components of the Stokes parameters are independent of
each other. For polychromatic or quasi-monochromatic light, on the other hand, the am-
plitude and phase values of a light beam constantly change with time, resulting in random

fluctuation of light as it propagates. However, the fluctuations in the amplitude and phase

24



Table 2.2: Representative Jones vectors and Stokes parameters for several standard polarization
states, including linear, circular, and unpolarized light.

State of Polarization \ Jones Vector \ Stokes Parameters

1
Horizontal polarization [(1)] (1)
0
1
: o 0 -1
Vertical polarization 1 0
0
.
+45 polarizations il 0
=P V2|1 +1
| 0]
e
RC and LC polarizations a1 0
P V2 |+ 0
[+ 1]
1
Unpolarized light N/A 8
0

of quasi-monochromatic light with a sufficiently narrow spectral bandwidth are relatively
slow, but not entirely insignificant on the timescale needed to make a measurement. Cor-
rect treatment of quasi-monochromatic light can be obtained by replacing the instanta-

neous intensities in Eqs 2.30 with their time-averaged values, such as

So(t) = (€10) + (g (1), (2.32)
$1(1) = (&) — (D), (2.33)
§2(1) = 2exD)e (1) cos[go(D]), (2.34)
S3(1) = 2e0)e (1) sin[—o(1)]). (2.35)

A quasi-monochromatic light field cannot be fully polarized, as this would neces-
sitate a perfectly stationary polarization ellipse. Neither can it be completely unpolarized,

since the slow fluctuations of the polarization ellipse’s orientation and ellipticity do not
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average out completely. This intermediate state is termed partial polarization and, as will

be shown, can be defined by the following inequality.

Se>8%+82+87, (2.36)

Where the equality holds for completely polarized light, and the greater than sign
applies to partially polarized light.
For the unpolarized light, one would expect the time averages in Eqs 2.32-2.35 to

become

(€)= (1)), (2.37)
(cos[po(1)]) = 0, (2.38)
(sin[go(D)]) = 0. (2.39)

Using these relations, completely unpolarized light is characterized by its intensity

along with the following Stokes parameters.

So So
S 0
= . (2.40)
Ss 0
BE

“unpol

Degree of Polarization (DoP)

The degree of polarization is a metric for Stokes parameters that characterizes the

degree of randomness in a polarization state. By definition, it is written as

\JST+S82+53

DoP =
So

,0< DoP< 1. (2.41)
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A light beam with a DoP of 1 is considered completely polarized, and its polariza-
tion ellipse always traces the same path. Stokes parameters for such light also satisfy the
relation given in Eqn 2.31. Any light that has a DoP between 0 and 1 is called partially
polarized and satisfies the inequality given in Eqn 2.36. Figure 2.11 displays the behav-
1or of polarization ellipse for circularly polarized light and +45 degree polarized light
concerning decreasing DoP values (69). As can be seen from the figures, in the case of
completely polarized light (DoP = 1), the polarization ellipse traces a single path, and in
the lower values of DoP, the polarization ellipse starts to fluctuate more and more around
the main polarization trace, DoP = 0 represents the unpolarized light where polarization

ellipse randomly fluctuates with respect to time.

a DoP=1 DoP =0.95 DoP =0.75

Figure 2.11: Traces of polarization ellipses for (a) circularly polarized light with DoP of 1.00,
0.95, 0.75, 0.50, and (b) +45 polarized light with DoP of 1.0, 0.8, 0.6, 0.4, 0.2, and 0.

Apart from true DoP, the DoLP can also be defined as follows.

DoLP= Y+~ (2.42)

DoLP describes the extent to which the electric field is confined in one plane.
When the DoLP equals 1, the light is linearly polarized. By definition, the following

relation between DoP and DoLP is always true.

27



DoLP < DoP, (2.43)

Equality holds when a light beam is linearly polarized, and inequality holds when
a light beam has any non-zero circular contribution. Similarly, the degree of circular

polarization (DoCP) is defined as

S
DoCP = S—* (2.44)

0

The Degree of Circular Polarization quantifies the fraction of total intensity that is
circularly polarized, specifying the light’s helicity. A value of DoCP = +1 corresponds to
purely right-handed circularly polarized light, DoCP = —1 indicates purely left-handed
circularly polarized light, and DoCP = 0 is characteristic of light that is linearly polarized,
partially linearly polarized, or unpolarized.

Any partially polarized light field can be uniquely described as an incoherent su-
perposition of a completely polarized and a completely unpolarized component. This

decomposition is formally expressed using the following Stokes parameters

S0+, [So] S ]
S, S, 0
= + , (2.45)
S, S, 0
S3 | -S3'CP 0 ‘uP

Where CP and UP stand for Stokes parameters of completely polarized and unpo-

larized light, respectively, equation 2.45 can be expressed in an equivalent form.
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—S 0— >S 0_ >DOP * So—
Sl 0 Sl
=(1-DoP) + , (2.46)
SZ 0 SZ
S5 (0] | S3

Where the DoP satisfies the relations derived before, this decomposition allows

the study of a completely polarized part of a partially polarized light.

2.4.2. Poincare Sphere

The Poincare sphere provides a geometric representation of polarization states,
simplifying the analysis of polarization transformations, particularly those induced by
retarders. The coordinates on the sphere are constructed from the Stokes parameters,

expressed in their normalized form as follows:

1] [S0/S0]
81 S |S1/So
52| So o |82/So|
53 ] S3/S0)

>
1]

1]

|
Il

(2.47)

where S is the normalized Stokes parameters. The DoP of S becomes

DoP = 1/.5‘% + s% + s%. (2.48)

For a completely polarized state, the Degree of Polarization is unity (DoP = 1).

The normalized Stokes parameters are therefore constrained by the following relation:
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ST+ s+ =1 (2.49)

-S

3

Figure 2.12: The Poincare sphere representation of polarization states and related angular param-
eters. The axes are defined by the normalized Stokes parameters S 1, S, and S3. The longitude,
2%, and latitude, 2y, are angles related to the orientation and ellipticity of the polarization ellipse,
respectively. The red vector represents an arbitrary state of elliptical polarization.

Each polarization state is mapped to a point (s, 2, 53) on the Poincare sphere,
where the coordinates correspond to the normalized Stokes parameters. The orthogonal
axes of this sphere are defined by the basis Stokes parameters (S, +5,, +53), as illus-
trated in Figure 2.12. All fully polarized states, for which the Degree of Polarization is
unity (DoP = 1), lie on the surface of this sphere.

Conversely, states of partially polarized light, for which the Degree of Polarization
is less than one (DoP < 1), are represented by points located inside the sphere. The
radial distance of any point from the sphere’s origin is equal to its Degree of Polarization.
This provides a clear geometric picture: a point at the very center (s; = s, = 53 = 0)

corresponds to completely unpolarized light (DoP = 0), while any other point within
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the sphere represents a partially polarized state. This also gives a visual interpretation of
the decomposition in Equation 2.46, where any partially polarized state can be seen as
lying along a vector that points from the origin toward a state of total polarization on the
surface.

In this geometric framework, specific regions on the sphere correspond to impor-
tant classes of polarization. As shown in Figure 2.12, any point on the sphere’s surface
can also be defined by a longitude 2% and a latitude 2y. These angles directly describe

the physical characteristics of the light’s polarization ellipse:

e The Orientation Angle (¥): The longitude 2¥ relates to the orientation of the
polarization ellipse. The angle ¥ itself, which ranges from O to x, is the angle the

major axis of the ellipse makes with respect to the horizontal axis.

e The Ellipticity Angle (y): The latitude 2y relates to the shape, or ellipticity, of
the ellipse. The angle y ranges from —m/4 (left-hand circular) to +n/4 (right-hand

circular). An angle of y = O signifies a line (linear polarization).

This mapping means the equator of the sphere, where 2y = 0, contains all possible states
of linear polarization. The North Pole (s3 = 1) and South Pole (s3 = —1) represent perfect
right-hand circular (RHC) and left-hand circular (LHC) polarization, respectively. All
other points on the surface between the equator and the poles represent the infinite states
of elliptical polarization.

The transformation from these spherical coordinates to the Cartesian normalized

Stokes parameters is given by:

s1 = cos(2y) cos(2¥) (2.50)
§2 = cos(2y) sin(2¥) (2.51)
s3 = sin(2y) (2.52)

Thus, the Stokes parameters provide a complete algebraic description of a light
beam’s intensity and polarization, while the Poincare sphere offers an intuitive geomet-
ric visualization of its polarization state. Having established how to represent any state
of polarization-whether completely, partially, or unpolarized-the next logical step is to
describe how these states are transformed when light interacts with optical components,
such as polarizers and wave plates. This is accomplished through the Mueller matrix

formalism, which provides a powerful and general method for calculating the effect of
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optical elements on Stokes vectors.

2.4.3. Mueller Matrices

The Mueller matrix formalism provides a powerful method for analyzing how op-
tical components alter the polarization state of light. In this framework, the transformation
of a Stokes vector is described by a linear operation, where the component is represented
by a 4x4 real-valued matrix known as its Mueller matrix, M. The output Stokes vector is

calculated by multiplying the component’s Mueller matrix with the input Stokes vector:

>Sf)— (M My, Mz Myl|[S]

S y My My My My||S: ’ 053
S5 Mz Mz Mz Msy||S,

551, Ma My Miz Mu]|Ss]

where the primed Stokes parameters represent the light after interacting with the optical
component. A key advantage of this formalism is its ability to handle both completely
polarized and partially polarized light correctly.

For example, consider a normalized, +45A°—polarized light beam ([1,0, 1,0]")
passing through an ideal horizontal polarizer (HP). The calculation, using the matrix for

the HP from Table 2.3, is as follows:

1] 11 0 ol [1
111 1{1t 1.0 0| |o
— == (2.54)
210 20 0 0 0| |1

0 00 0 o] |of

- “out - “HP - -in

The resulting output vector is [0.5,0.5,0,0]7. This result is physically intuitive:
the output light is now horizontally polarized (since S}/S; = 0.5/0.5 = 1) and its total
intensity (S ) has been reduced by half, in perfect accordance with Malus’s law for a 45A°
angle between the input polarization and the polarizer’s axis.

Table 2.3 lists the Mueller matrices for several common optical components. For

the general linear polarizer, the angle 6 represents the orientation of its transmission axis
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Table 2.3: Mueller matrices for common polarization altering components. Angles for polarizers
are with respect to the horizontal. For the phase retarders, the slow and fast axes coincide with the
horizontal and vertical axes, respectively, with respect to the optical path.

Component | Mueller Matrix
(1 1 0 O]
Horizontal polarizer M) = % (1) (1) 8 8
0 0 0 O
(1 0 1 0]
+45 polarizer M(+45°) = % (1) 8 (1) 8
0 0 0 O
1 cos 26 sin 26 0]
Gonent s | =303 S o
0 0 0 0]
(1 0 0 O]
Half-wave plate M(¢py = £180°) = 8 (1) _01 8
0 0 0 -1}
(1 0 0 O]
Quarter-wave plate M(¢y = £90°) = 8 (1) 8 $01
0 0 £1 O]
1 0 O 0

General phase retarder M(py) = 8 (1) cog do — Si(I)l o
0 O singy cos¢p |

with respect to the horizontal. For the phase retarders, ¢, is the phase retardance, and
the matrices are given for the standard convention where the fast axis is aligned with the
vertical (y-axis).

With the Mueller matrix formalism established, we now possess a complete set
of tools to both describe any polarization state using Stokes parameters and to model its
transformation by optical systems. This comprehensive mathematical framework serves
as the foundation for the experimental polarization analysis presented throughout this

thesis.
Chapter Summary
This chapter establishes the fundamental theoretical framework required for study-

ing single-photon emitters in solid-state systems. We began by introducing the principles

of photon statistics and the second-order coherence function, g®(r), which serves as the
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definitive experimental tool for verifying the quantum nature of an emitter through the ob-
servation of photon antibunching. To understand the complex photophysical behavior of
real-world emitters, we explored the three-level atomic system, which accounts for phe-
nomena such as saturation and shelving into metastable states. The characteristic optical
spectrum of solid-state emitters, comprising a ZPL and PSB, was explained through the
Franck-Condon principle, which describes the coupling between the emitter’s electronic
transition and the host lattice vibrations. These concepts were then contextualized for the
specific material of interest, hBN, highlighting the properties that make it an exceptional
host for bright, room-temperature quantum emitters.

The second half of the chapter developed the mathematical formalism necessary
for the precise characterization of light’s polarization. We introduced the Stokes param-
eters as a comprehensive method for describing any state of polarization, including par-
tially polarized and unpolarized light. The Poincare sphere was presented as an intuitive
geometric tool for visualizing these states. Finally, the Mueller matrix calculus was estab-
lished as a robust framework for modeling the transformation of polarization by optical

components.
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CHAPTER 3

EXPERIMENTAL METHODS

The experimental study of defects in hBN as SPS requires precise optical charac-
terization techniques to probe their emission properties and validate their quantum nature.
The unique properties of hBN defects, including their brightness, stability at room tem-
perature, and often polarized emission, make them promising candidates for quantum
information technologies, such as the QKD explored in this thesis (6/). This chapter out-
lines the experimental methods employed to investigate the spectral characteristics, decay
dynamics, polarization properties, and quantum nature of single-photon emission from
hBN defects. The methods described in this chapter serve as fundamental techniques for
optical characterization. Additional experimental techniques specific to each investigation
are described within their respective chapters.

Room-temperature micro-photoluminescence (uPL) spectroscopy is used to an-
alyze the optical response of individual hBN defects. This technique serves as the ini-
tial step in the optical characterization of emitters, providing essential emission proper-
ties, such as their spectral signature (including zero-phonon line and phonon sidebands),
brightness, and polarization, as well as material-specific properties, including vibrational
modes. Identifying and characterizing these spectral features is crucial for selecting suit-
able emitters for further quantum optical studies and for understanding their interaction
with the hBN host material. The polarization of emitted light, a key parameter for in-
vestigating the polarization dynamics central to this thesis, can also be readily assessed
using uPL. Additionally, Time-Correlated Single Photon Counting (TCSPC) is employed
to examine the temporal characteristics of photon emission from defects in hBN. This
technique enables the measurement of excited-state lifetimes of emitters, which is fun-
damental for understanding their quantum efficiency, maximum photon emission rate,
and suitability for applications like QKD. It is also crucial for investigating decay time-
related polarization effects, which are a core component of the polarization dynamics
studied in this work (44, 45). Furthermore, the quantum nature of emission is assessed
through second-order photon correlation measurements, which allow for the determina-
tion of photon antibunching behavior. This is a key signature of single-photon emission
and an indispensable verification step to confirm that an hBN defect behaves as a trust-

worthy SPS, a prerequisite for its use in QKD protocols (70).
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Combining these methods provides a fundamental understanding of the optical
and quantum properties of hBN emitters, paving the way for their application in quantum
technologies. The following sections describe each technique, including the experimental

setup, measurement procedures, and data analysis methods.

3.1. Micro-Photoluminescence Spectroscopy

Sample Handling Emission/Detection
Sample Cam £ WP Filters x TM
DM LensC D 1
2
— % - ﬂ_ _E =) APDs
J- 1)
Stage %, PBS
(XY) (Z) FM
By
= D Lensc | m CCD
White
nfocal
Light = WP Co A s
Source Micro-PL 2
Setup o
Laser g’;-
Excitation

Figure 3.1: Schematic of custom-built confocal micro-PL setup for room-temperature studies
of hBN defects with polarization and correlation capabilities. The setup consists of three main
paths: excitation, sample handling, and emission/detection. A dichroic mirror directs a laser
beam through an objective lens to excite the sample, which is positioned using an XY stage.
The same objective collects the photoluminescence, which then passes through the DM and fil-
ters. A wave plate and a polarizing beam splitter are used at the start of the emission/detection path
for polarization-dependent studies. A flip mirror routes the emission to either a spectrometer and
CCD for spectral analysis or to avalanche photodiodes for photon counting and correlation mea-
surements. Key components are abbreviated as: BS: Beam Splitter, WP: Wave Plate, PM: Power
Meter, DM: Dichroic Mirror, PBS: Polarizing Beam Splitter, FM: Flip Mirror, APD: Avalanche
Photodiode, CCD: Charge-Coupled Device.

Throughout this thesis, defects in solution based hBN flakes have been studied
by a custom-built confocal u-PL setup operating at room temperature, as shown in Fig-
ure 3.1. The confocal arrangement is essential for spatially isolating individual hBN de-

fects, which are often sparsely distributed, and for rejecting out-of-focus background fluo-
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rescence, thereby improving the signal-to-noise ratio for single emitter studies. The setup
can be broadly divided into three main sections: (i) Excitation Path, (ii) Sample Handling,

and (iii) Emission & Detection Path. A brief description of each section is provided here.

Excitation Path

e Laser Source & Polarization Control. Excitation of hBN defects is achieved
using either a continuous-wave (CW) laser or a pulsed laser, depending on the re-
quired measurements. CW excitations are performed using a diode-pumped, single-
frequency green laser (Verdi V6, Coherent) operating at 532 nm with a 5 MHz (rms)
linewidth. This wavelength is commonly used as it efficiently excites a broad range
of hBN defects (12, 13). Pulsed excitations are conducted using either a 483 nm or
635 nm laser (PiL048 - PiL063, Pilas - NKT Photonics) operating at repetition rates
of up to 80 MHz, with pulse widths of 80 ps and 50 ps, respectively. Pulsed excita-
tion is essential for time-resolved measurements such as TCSPC (Section 3.2) and
pulsed g®(r) measurements (Section 3.3). Before entering the main optical path,
the laser passes through a wave plate (WP) to adjust its polarization state. This is
important because many hBN defects exhibit anisotropic absorption and emission
dipoles (37); optimizing the excitation polarization can maximize the excitation

efficiency of the emitter and is also used to study excitation polarization anisotropy.

e Beam Splitter & Power Monitoring. A 90:10 beam splitter (BS) is used to direct
a small fraction (typically 10%) of the beam to a power meter (PM) for real-time
monitoring of the laser power. The majority (90%) of the beam continues toward

the sample.

e White Light Source and Imaging Camera. A white light source combined with
a CMOS camera in the detection path is used for locating bulk hBN flakes and for

coarse positioning of the laser spot on the sample surface.

e Dichroic Mirror (DM). A dichroic mirror (DM) then directs the beam toward the
objective lens while allowing the longer-wavelength PL signal from the sample to
pass through to the detection arm. The choice of DM is critical to efficiently reflect
the excitation laser while transmitting the characteristic Stokes-shifted emission

from hBN defects, which typically ranges from ~550 nm to over 800 nm (/7).

Sample Handling
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e Objective Lens. A high NA objective lens (50x magnification, 0.90 NA, M Plan
Apo HR - Mitutuyo) with adjustable Z-focus (PLSZ, Thorlabs) is responsible for
tightly focusing the laser beam onto the hBN sample, aiming to excite individual
defects, achieving a laser spot diameter of below 1 micrometer. Emitted photolumi-
nescence and scattered laser are also collected with the same objective. A high NA
is crucial for both efficient excitation and collection of the emitted photons from a
point-like emitter, which is essential for achieving a good signal-to-noise ratio in

single-photon experiments.

e Sample Stage. The sample itself is mounted on an XY motorized stage (MLS203,
Thorlabs), which enables precise scanning and positioning with a resolution of up
to 100 nm. This enables the systematic mapping of hBN flakes to locate and repeat-

edly address individual emitters.

Emission & Detection Path

¢ Polarizing Beam Splitter & Wave Plates. Polarization selection is performed us-
ing a combination of a wave plate (either a half-wave plate or a quarter-wave plate)
and a polarizing beam splitter (PBS), which enables polarization-dependent analy-
sis of emitted photons. A motorized rotation mount (PRM1Z8, Thorlabs) automates
these measurements, increasing efficiency and reducing measurement-related er-
rors. This component is central to the investigation of polarization dynamics in
hBN emitters, a primary focus of this thesis. By rotating the wave plate, the polar-
ization projection axis of the emitted light can be systematically varied, allowing
for the determination of parameters such as the DoLP and the orientation of the

emission dipole.

e Spectrometer & CCD: For spectral analysis, the emission is directed to a spec-
trometer/monochromator (Shamrock 750, Andor) equipped with a charge-coupled
device (CCD - Newton, Andor). The spectrometer features three interchangeable
gratings (150 1/mm, 600 I/mm, and 1800 I/mm), offering a spectral resolution of
approximately 15 pm. This allows for the detailed characterization of the emis-
sion spectrum of hBN defects, including the identification of the ZPL, analysis of
phonon sidebands (which provides insight into electron-phonon coupling in hBN
(62)), observation of spectral diffusion (67), and distinguishing between different
types of emitters (47).

e Avalanche Photodiodes (APDs): Alternatively (or in parallel), the emission can
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be sent to single-photon detectors by a flip mirror (or via beam splitter) to perform
either time-correlated single photon counting or photon-correlation measurements.
These detectors are crucial for quantifying the photon flux and performing the quan-

tum optical measurements described in the following sections.

Overall, this custom confocal micro-photoluminescence setup allows for high-
resolution spatial mapping, spectral characterization, polarization analysis, and photon-
counting measurements of hBN defects at room temperature, providing a comprehensive

toolkit for studying their potential as SPSs.

3.2. Time-Correlated Single Photon Counting
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Figure 3.2: Schematic of the time-correlated single photon counting setup for lifetime measure-
ments. A pulsed laser excites the sample, and the emitted photons are detected by an APD. The
time intervals between the laser pulse (start) and the detected photon (stop) are recorded by the
time tagger module and analyzed on a computer to create a decay histogram of the single emitter.

The TCSPC method is a widely used technique for measuring the fluorescence
lifetime of quantum emitters (see Figure 3.2). The excited-state lifetime is a fundamental
property of any quantum emitter, including SPSs in hexagonal boron nitride. It dictates
the maximum photon emission rate under pulsed excitation, influences the coherence time
of emitted photons, and can be affected by the local nano-environment of the defect (via

cavities (71)) and non-radiative decay pathways (72). In this method, the sample is excited
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by a pulsed laser source at a suitable wavelength, depending on the emitter. Optical filters
in the detection path suppress scattered laser light, select the desired emission band (often
centered around the ZPL of the hBN defect), and eliminate unwanted background signals.
At the end of the detection path, an avalanche photodiode (APD - ID100 or ID120, ID
Quantique) is used as the single-photon detector. Each detected photon generates a "stop"
signal, while an internal trigger from the laser provides the "start" signal. These signals
are processed by a time tagger module (TTM8000 or QuTools), which measures the time
interval (Af) between the excitation pulse and the detected photon with a resolution of up
to 1 ps. These intervals are accumulated to construct a histogram of photon arrival times,
shown in the right panel of Figure 3.2.

Depending on the emitter and its photophysics (e.g., presence of shelving states
or multiple decay pathways), this histogram can be fitted with an exponential or multi-
exponential decay function to extract the fluorescence lifetime(s) of the hBN emitters
(I/4). This direct measurement of the excited-state lifetime is a key parameter in char-
acterizing single-photon emitters in hBN and other solid-state systems. For hBN SPSs,
typical lifetimes are in the range of a few nanoseconds (59), which is compatible with
high-speed QKD applications. Furthermore, as investigated in this thesis, time-resolved
PL decay measurements at different polarization angles can reveal dynamic changes in
polarization during the emission process, providing deeper insights into the complex po-

larization dynamics of these emitters.

3.3. Second Order Photon Correlation Measurement

Second-order photon correlation measurements (often denoted as g”(r) measure-
ments) are essential for assessing the single-photon purity of an emitter (see Figure 3.3).
The quintessential proof that an observed light source is a true single-photon emitter re-
lies on demonstrating photon antibunching, i.e., a sub-Poissonian photon statistic where
the probability of detecting two or more photons simultaneously is suppressed (52). This
is fundamentally different from classical light sources, such as attenuated lasers. In this
technique, the emitter can be excited by either a CW or pulsed laser. After passing through
polarization selection and filters (again, to isolate the emission from the specific hBN de-
fect of interest), the collected emission is split into two separate paths by a 50:50 beam
splitter. Each path is directed to an individual APD-1 and APD-2, allowing simultane-
ous detection of photons in two channels. The arrival times of photons at both APDs are

recorded by a time tagger module, which assigns timestamps to each detected event.
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Figure 3.3: Schematic of the second-order photon correlation setup for g'®(r) measurements.
Emission is split between two avalanche photodiodes (APD-1 and APD-2), and a time tagger
module records photon arrival times. The correlation function g®(7) is then constructed to evalu-
ate the single-photon purity of the studied emitter.

By comparing the timestamps of APD-1 and APD-2, one constructs a histogram
of coincidence counts as a function of the time delay 7 = #; — ¢; (for all i and j values)
between detected photons. From this histogram, the second-order correlation function
g® () is calculated. For a true single-photon emitter, which can only emit one photon at a
time, there should be no coincidence counts at zero time delay (7 = 0), leading to a char-
acteristic dip in the g®(r) function at T = 0. A pronounced dip at 7 = 0 (i.e., g#(0) < 0.5)
indicates strong antibunching and confirms single-photon emission (73, 74). This mea-
surement is a cornerstone of quantum optics studies involving hBN defects, as it directly
reveals the nonclassical nature of the light emitted by these quantum emitters. This valida-
tion is particularly critical for many quantum information applications, such as Quantum
Key Distribution, as the security of protocols like B92 relies fundamentally on the use of
single photons. Any multi-photon component in the emitted stream could be exploited by
an eavesdropper via a photon-number-splitting attack, compromising the security of the
communication channel (70). Thus, demonstrating g (0) < 0.5 is an indispensable step

in qualifying an hBN defect as a viable single-photon source for quantum applications.

Chapter Summary

This chapter details the fundamental experimental framework used to characterize

individual quantum emitters in hexagonal boron nitride at room temperature. The corner-
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stone of this framework is a custom-built confocal micro-photoluminescence setup, which
enables the spatial isolation and spectral analysis of single defects. We described its key
components, including the versatile excitation path that accommodates both continuous-
wave and pulsed lasers, the high-NA objective for efficient photon collection, and the
sophisticated detection path, which is equipped for high-resolution spectroscopy and au-
tomated polarization analysis. This integrated system provides the essential capability to
measure an emitter’s spectral signature, brightness, and complete polarization state.
Building upon this core setup, we outlined the critical quantum optical techniques
employed to validate the non-classical nature of the emission. Time-correlated single
photon counting was presented as a method for determining the excited-state lifetimes
of emitters, a key parameter governing their temporal dynamics and suitability for high-
speed applications. Finally, the principles of second-order photon correlation measure-
ments using a Hanbury Brown and Twiss configuration were described. This technique is
indispensable as it allows for the direct observation of photon antibunching (¢®(0) < 0.5),
which serves as the definitive proof of single-photon emission and is a fundamental pre-
requisite for the quantum information applications, such as Quantum Key Distribution,

explored in this thesis.
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CHAPTER 4

POLARIZATION DYNAMICS OF SINGLE EMITTERS IN
HBN

Single-photon emitters are foundational components for a range of emerging quan-
tum technologies, serving as on-demand sources of quantum states of light that are essen-
tial for their operation. These emitters are pivotal for applications ranging from quantum
computing to quantum communication, where individual photons act as flying qubits,
the mobile carriers of quantum information (75). The search for an ideal SPE has led
to intense investigation across various material platforms, with the most promising can-
didates including semiconductor quantum dots (QDs), nitrogen-vacancy (NV) centers in
diamond, and optically active defects in 2D materials such as hexagonal boron nitride.
Each platform offers a unique set of advantages and challenges in the ongoing effort to
generate single photons with the requisite purity, brightness, and on-demand characteris-
tics for practical quantum systems (76).

The polarization of a single photon is a critical degree of freedom, providing a ro-
bust and convenient basis for encoding a qubit. Consequently, the stability and fidelity of
this polarization are paramount, as any fluctuation or degradation of the polarization state
directly compromises the performance and security of quantum protocols. An unsteady
polarization, for example, can limit the key rate and/or increase the errors in quantum
communication systems. Critically, polarization stability is inextricably linked to photon
indistinguishability, a key requirement for any technology based on quantum interfer-
ence, such as linear optical quantum computing. If two photons intended to interfere
are not identical in their polarization, they become distinguishable, which fundamentally
destroys the interference effects upon which these advanced computational schemes are
built (77).

In this chapter, we investigate the polarization dynamics of single photons emit-
ted from defects in hexagonal boron nitride. By performing a detailed, time-resolved
analysis of the polarization state, we aim to characterize and understand the underlying
mechanisms that govern its stability, which is crucial for optimizing the performance of

these emitters for quantum applications.
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4.1. Sample preparation

The quantum emitters central to this study originate from hBN nanoflakes. The
samples were prepared by drop-casting a solution containing these nanoflakes onto a sil-
icon substrate, a straightforward method that requires no complex post-processing. The
specific hBN nanoflake solution was obtained from Graphene Supermarket and had a
concentration of 5.5 mg/L. The flakes within this solution varied in thickness, with the
number of atomic layers ranging from one to five atomic layers. The typical flake diam-
eter was between 50 and 200 nm. To prepare the measurement sample, approximately
10 uL. of the solution was drop-cast onto a Si/SiO, substrate with a 300 nm oxide layer
and was subsequently left to dry under ambient conditions. No further post-processing,
such as high-temperature annealing, was carried out on these samples. The characteriza-
tion and polarization dynamics of single emitters found in these nanoflakes are detailed

in the subsequent sections.

4.2. Optical Characterization of Emitters

The polarization dynamics of single photons emitted from hBN defects are stud-
ied using the custom-built confocal microscopy setup shown in Figure 4.1. For excitation,
a 637 nm pulsed laser operating at a repetition rate of up to 80 MHz is used. The laser is
delivered through a polarization-maintaining fiber and focused onto the sample by a 50x
objective lens, which also collects the resulting photoluminescence. A dichroic mirror
(DM) and a long-pass (LP) or notch filter efficiently separate the emission signal from the
excitation laser. Two half-wave plates (HWPs) are used in the excitation and emission
paths to control the laser polarization for maximum excitation and to analyze the po-
larization of the collected photons, respectively. After the polarization-analyzing optics,
the signal is coupled into either a single-mode fiber (SMF) for enhanced spatial filter-
ing against background light or a multi-mode fiber (MMF) to maximize throughput to the
detectors. For initial characterization, the light is directed to a spectrometer with a charge-
coupled device (CCD) to measure the photoluminescence (PL) spectrum. To verify the
quantum nature of the emitters, the signal is routed to a HBT setup. This configuration
measures the second-order correlation function, g®(7), where an anti-bunching value of
g»(0) < 0.5 provides definitive proof of a single-photon source. Finally, the detailed

polarization dynamics are compiled by rotating the emission HWP and recording a full
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Figure 4.1: Schematic of the confocal micro-PL setup used for optical characterization
and polarization-resolved studies of single emitters. Key components are labeled as: PMF:
Polarization-Maintaining Fiber, WP: Wave Plate, DM: Dichroic Mirror, LP/Notch: Long-
Pass or Notch Filter, PBS: Polarizing Beam Splitter, SMF/MMEF: Single-Mode or Multi-Mode
Fiber, CCD: Charge-Coupled Device, FM: Flip Mirror, and APD: Avalanche Photodiode. The
setup is configured to perform spectral analysis using the spectrometer, time-correlated single-
photon counting (TCSPC) for lifetime measurements, and second-order correlation measurements
(g'® (1)) using the Hanbury Brown and Twiss (HBT) configuration of the APDs.

decay trace for each polarization angle using a single avalanche photodiode. The arrival
time of every detected photon is registered by a high-resolution time-tagging module,
allowing a PC to reconstruct the time-correlated decay histograms computationally.
Figure 4.2 shows the fundamental optical characterization of a selected candidate
emitter for further polarization studies. The room-temperature PL spectrum is shown in
panel (a), featuring a dominant ZPL at 647 nm and a corresponding lower-energy PSB
around 700 nm. The quantum nature of the defect is highlighted by the power-dependent
measurement in panel (b), where the ZPL intensity exhibits clear saturation behavior. This
trend is fitted using the standard relation for a three-level system, as previously detailed

in Chapter 2:

45



a 1.0 b
0.8 -Excitation
B} 9 - Emission
7 104f 120 60
g 0.6 -~
= 3 30
g 0.4 =
g k7] 0
= o 103}
“ 0.2 ~
) R 330
240 300
0 600 650 700 750 800 270

Wavelength (nm) 0 100 200 300 400
Exc. Power (UW)

C d xwo
100.
3 L
:
2101} o
-— Q
2 £ 2|
= ©
s 81 |
103 | ]

0
-400 -200 0 200 400
Decay Time (ns) Delay (ns)

Figure 4.2: Fundamental optical characterization of an hBN quantum emitter used for polariza-
tion studies, performed at room temperature. (a) Normalized PL spectrum displaying a bright and
narrow ZPL at 647 nm and its associated PSB around 700 nm. (b) Excitation power-dependent
intensity of the ZPL. The inset shows the emitter’s dipole nature via its polarization response.
(c¢) Time-correlated single-photon counting measurement revealing a lifetime of 7 = 3.6 ns from a
single exponential fit (red line). (d) Second-order photon correlation measurement showing a dis-
tinct anti-bunching dip with g®(0) = 0.082, confirming the single-photon nature of the emission.

B P/Ps
R(P) = Rmm 4.1)

where R(P) is the count rate at a given excitation power P, while R, and Ps are the
saturation rate and power, respectively. The fit to the data yields a saturation power of
Pg = 460 uW, which is well within the capability of our setup, indicating we are operating
at maximum brightness for this emitter. The inset polar plot reveals that the excitation and
emission polarizations are co-linear, indicating a well-defined optical dipole. The degree

of linear polarization (visibility) is calculated from this data using the expression:

V= Imax - Imin

4.2
Imax + Imin ( )
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This calculation yields a value of approximately 65% for both cases.
The excited state lifetime, measured via TCSPC and shown in panel (c), was ana-

lyzed by fitting a biexponential decay function of the form:
1(t) = Aje™"™ + Are ™™ + Bog (4.3)

This fit revealed a dominant fast component with a lifetime of 7; = 3.6 ns, which is
taken as the primary lifetime of the emitter and is consistent with values reported in the
literature. The minor peak at 35 ns is an insignificant experimental artifact caused by
optical back reflection in the setup. Finally, to confirm the defect as a single quantum
source, the second-order autocorrelation function g® () was measured. The pronounced
anti-bunching dip at zero delay is fitted using a model for a three-level system to determine

its depth precisely:
g?@ =N(1-c-[d+a)et™ - ae ™) (4.4)

where N is a normalization constant and c, @, 7, 7, are fitting parameters that describe
the dynamics between the states. The fit of this function to the experimental data yields a
value of g?(0) = 0.082. This value is significantly below the single-photon threshold of
0.5, which confirms the single-photon nature of the emission.

Having confirmed the single-photon nature of the hBN defect, the investigation
now shifts to the central theme of this work: the dynamics of its emission polarization.
While the initial characterization suggests a stable time-averaged dipole, this does not pre-
clude fast polarization fluctuations that can occur during the nanosecond-scale emission
lifetime. Understanding these dynamics is critical, as such fluctuations can compromise
the indistinguishability of photons, a key requirement for many quantum protocols. The
following section, therefore, presents a detailed, time-resolved analysis designed to reveal
how the linear polarization properties of the emitted photons evolve throughout the decay

process.
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4.3. Polarization Dynamics in Linear Basis

To analyze the polarization dynamics, we performed a series of TCSPC measure-
ments with different emission polarizations by varying the angle of the HWP at the emis-
sion port. Polarization is selected by a polarization beam splitter (PBS) after the half-wave
plate. The signal is coupled either to a single-mode fiber for additional spatial filtering
or to a multi-mode fiber for improved coupling efficiency. All polarization measurements
are performed with an experiment time of 1 minute, under the same excitation conditions.

The data is then combined into a single polarization-resolved decay map.
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Figure 4.3: Polarization-decay map of an hBN defect created by combining lifetime measure-
ments at different HWP angles from O to 360 degrees. The Black dashed line represents the laser
pulse. Two white dashed lines represent the boundaries for photons that were emitted between 2
ns and 3 ns.

Figure 4.3 shows the result of such a polarization-decay map. Here, the x-axis
represents the decay times of the emitted photons, the y-axis represents the polarization
angle of the HWP at the emission port, and the z-axis represents the photon counts in the
APDs. This data set can be further analyzed to understand how stable the polarization of
single photons is in various decay regions. A Black dashed line at the zero indicates the
moment of the excitation pulse, and two white dashed lines represent a region of photons
between t; and t; + At. Further polarization analysis of this region can be performed to
extract the linear polarization visibility of the photons emitted between t; and t; + At. In an
ideal single emitter, one might expect stable polarization visibility through all segmented
regions in this map. Still, the following analysis shows that linear visibility does change

with respect to the decay times of the emitter.
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Figure 4.4: Post-process polarization analysis algorithm that we have used to extract visibility
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and dipole orientation changes of hBN quantum emitters.

Figure 4.4 illustrates the general algorithm used to extract the polarization dynam-

ics of emitters in a linear basis.

e Polarization-decay map is divided into N time bins

algorithm described previously, are presented in Figure 4.5. The data reveal significant

dynamics in the emitter’s polarization properties over its fluorescence lifetime. Panel (a)

A loop is iterated over all time bins. Loop iteration count i, starts from 1 and goes

to N, where N is the last time bin

for every i-th time bin, segment is excluded, and integrated in time axis to get a total

number of counts for every angle value

This new data of counts versus polarization angle is fit by a cosine function

linear polarization visibility and emission angle (dipole orientation) is extracted

from this data and recorded for every i-th time bin.

Finally, visibility and dipole orientation for every time bin are combined.

The results of the time-resolved linear polarization analysis, performed using the
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shows the evolution of the degree of linear polarization (visibility) with decay time. The
visibility exhibits a rapid increase within the first few nanoseconds, rising from an initial
value of approximately 62% to a peak of nearly 70%. After this initial rise, visibility
remains high and relatively stable for up to 10 ns. At very late decay times (> 10 ns),
a slight decline and increased statistical noise are observed, which can be attributed to

the decreasing signal-to-noise ratio as photon counts become comparable to detector dark

counts.
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Figure 4.5: Time-resolved linear polarization analysis of the selected hBN single emitter. (a) The
degree of linear polarization (Visibility) plotted as a function of the photon decay time. (b) The
orientation of the emission dipole over the same decay period. The shaded red area in both panels
represents the photoluminescence intensity decay, indicating the relative population of photons at
each time bin.

In stark contrast to the dynamic behavior of the visibility, panel (b) of Figure 4.5
demonstrates that the orientation of the emission dipole is remarkably stable. The orien-
tation remains constant at approximately 138° across the entire measured decay window,
with only minor statistical fluctuations around this central value. This indicates that, while
the degree of polarization changes after excitation, the physical orientation of the emit-
ter’s dipole within the host lattice remains unchanged. In the next section, these findings
will be discussed and compared with results from other hBN emitters and diamond NV
centers to explore the generality of this phenomenon.

Here we present the combined results of polarization measurements from our hBN
samples and Jena’s hBN + Diamond samples (44). Figure 4.6 displays the polarization-
decay maps q;, visibility changes b;, and dipole orientation changes c¢; with the decay
times. Subscript 1 represents the hBN quantum emitters created by electron irradiation
using a scanning electron microscope by the JENA group. Subscript 2 represents the hBN
quantum emitters in our drop-casted hBN nanoflakes, and finally, subscript 3 represents
the NV centers in the diamond prepared by the JENA group. All emitters exhibit similar
visibility improvement behavior during the early decay times, indicating a generic mech-

anism for 2D-based single emitters. Although all emitters exhibit visibility improvement,
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Figure 4.6: Combined polarization analysis of hBN nanoflake quantum emitters (IZTECH), hBN
irradiated quantum emitters (JENA), and NV centers of diamond (JENA). All linear degrees of
visibility measurements show drastic changes in the early decaying emitters. Irradiated emitters
and NV centers also show dipole orientation change in the early times. Reprinted with permission
from (44). Copyright 2024 American Chemical Society

the rise time of visibility differs among emitters, even in hBN. This distinct rise time of the
visibility might depend on the preparation of the samples or how the defects are created in
the first place. Dipole orientations, on the other hand, clearly differ between emitters and
host material. All irradiated hBN emitters show an apparent change in dipole orientation
with respect to decay times, whereas our emitters do not show any change. Orientation
change is even more substantial in the NV centers of the diamond, showing 15 degrees to
45 degrees of orientation change in the first nanosecond.

Combined results on polarization analysis show a significant change in the lin-
ear degree of polarization and dipole orientation for emitters of hBN and diamond NV
centers. Although the effects occur very quickly (under 1 nanosecond for irradiated emit-
ters), they are most pronounced where the emission is strongest, due to the exponential
decay curve of the emitters. When averaged, visibility is less than the maximum visibil-
ity achieved by the emitter. Similar to the linear degree of visibility, dipole orientation

also changes where the emission is strong, resulting in a slightly different averaged dipole
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orientation. Finally, not all emitters show similar behaviors regarding visibility rise time
and dipole orientation. In our hBN nanoflake quantum emitters, visibility rise is slow
compared to irradiated hBN quantum emitters and NV centers of diamond. This discrep-
ancy may be due to sample preparation and the method by which defects are created, and
understanding this discrepancy might shed light on the different visibility rise times and
dipole orientation changes.

The preceding analysis has conclusively shown that the DoLP of single emitters
in both hBN and diamond is not static. Still, it exhibits significant dynamics in the first
few nanoseconds following excitation. However, these measurements, performed by pro-
jecting the emission onto a linear basis using a half-wave plate and a polarizer, have a
fundamental limitation. Specifically, a reduction in the measured DoLP is ambiguous;
it can arise either from a genuine, random depolarization process, or from the emission
having a static but non-zero circular or elliptical polarization component, to which the
linear analysis is insensitive. To distinguish between these scenarios and identify the ac-
tual underlying physical mechanism, a more complete characterization of the polarization
state is required. Therefore, this study expands upon the initial work by employing a com-
plete Stokes polarimetry technique to measure the true Degree of Polarization and track
its evolution over the emitter’s lifetime, thereby resolving the ambiguity in linear basis

measurements.

4.4. Polarization Dynamics with Stokes Parameters

To resolve the ambiguity in linear polarization measurements, a complete Stokes
analysis is necessary. This section details the theory and application of the RQWP method,
a practical and robust technique for measuring the complete polarization state of light.
This approach is applied to two representative hBN single-photon emitters, labeled Emitter-
1 and Emitter-2, to perform both time-averaged and, for the first time, time-resolved
Stokes polarimetry.

We also present our experimental results on Stokes polarization analysis for two
hBN emitters labeled emitter-1 and emitter-2. The results are organized as follows. First,
we present the basic optical characterization of emitter-1 and emitter-2, along with the ex-
perimental setup used in both time-averaged and time-resolved studies. Next, we present
the time-averaged Stokes polarization analysis of emitter-1 and discuss the advantages of
using Stokes analysis over widely adopted polarization analysis techniques. Finally, we

present the time-resolved Stokes polarization analysis of emitter-2, showing an interest-
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ing behavior of emitter-2 at early decay times. Finally, we speculate and discuss the two

possible mechanisms responsible for the changes in the DoP and DoLP of the emitters.

4.4.1. Rotating Quarter Wave-Plate Method

The classical method of measuring Stokes parameters of a light beam involves four
wave-plate measurements at fixed orientations combined with a rotatable linear polarizer.
Three measurements require an HWP and a linear polarizer, whereas the last requires a
QWP combined with a linear polarizer. There are two main problems with the classical
method. Firstly, the classical method only requires four data points to calculate the Stokes
parameters, thereby increasing the likelihood of measurement errors. Secondly, introduc-
ing another wave plate into the optical path is prone to deflect light, and in some cases, it

can affect the optical alignment of the system.
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Figure 4.7: Schematic diagram of the RQWP polarimetry method used for measuring Stokes
parameters. The setup consists of a rotatable QWP followed by a linear polarizer, which is fixed
with its transmission axis oriented horizontally. To perform a measurement, the QWP is rotated
through a series of angles (6), and an optical detector records the intensity of the light that passes
through the fixed polarizer. This angle-dependent intensity data is then used to mathematically
reconstruct the full Stokes parameters of the input light beam.

An alternative method for measuring Stokes parameters is the Rotatable Quarter-
Wave Plate (RQWP) technique, which uses a rotating QWP followed by a fixed linear
polarizer with a horizontal transmission axis (78). The measurement configuration is
depicted in Figure 4.7. For this setup, the optical intensity /() at the detector is a function
of the QWP rotation angle 6 and can be written in terms of the incident Stokes parameters

as
1
1(0) = 5 (SO +81cos’20 + 8, cos20sin20 + S5 sin29). 4.5)

The Stokes parameters in Equation 4.5 describe the optical beam entering the measure-

ment system. By applying trigonometric half-angle identities, this expression can be re-
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formulated into the following truncated Fourier series:
1
1(0) = 3 (A + Bsin20 + Ccos46 + Dsin40), 4.6)

where the coeflicients are related to the Stokes parameters by

S, S, S,
A= 2L B= =2l p==22 4.7
So+ 5 §3. C=3. > (4.7)

Equation 4.6 shows the intensity signal is composed of second and fourth har-
monic terms in 6. To determine the coeflicients A, B, C, and D, one must sample /(6) at
a sufficient number of angles. The highest frequency components present are the fourth
harmonics, corresponding to the cos(46) and sin(46) terms. The Nyquist-Shannon sam-
pling theorem states that the sampling rate must be more than twice the highest signal
frequency to avoid aliasing (79). Therefore, to resolve the fourth harmonic, more than
2 X 4 = 8 measurements are needed over a full 360° period. This establishes that a min-
imum of eight data points must be acquired within the system’s unique 180° operational
range.

Because discrete intensities are measured, Equation 4.6 is recast as
1 ) .
= 3 (A+ Bsin20, + Ccos46,+ Dsin40,), (n=1,2..,N) 4.8)

where N is an even number equal to or greater than 8. The coeflicients A, B, C, and D are

determined using familiar methods from Fourier analysis and are given by

2 N 4 N

NZ NZ sin26,, (4.9)

4 el

NZZ cos 46, NZ 1,sin40,. (4.10)
n=1 n=1

In Equation 4.10 the angular intervals are equal and are given by 6,,; — 6, = 180°/N.



From Equation 4.7 the Stokes parameters are found to be

So=A-C, §,=2C, S,=2D, S;3=B. 4.11)

Once the Stokes parameters are found, other features of the Stokes formalism can
be calculated using the methods introduced in the previous chapter. One of the main
advantages of the RQWP method over the classical measurement of Stokes parameters
is its practicality. Since there is only one rotating component in the setup, automating
the system with external software is much easier. Additionally, using a large number of

data points (N) significantly greater than the minimum of 8 reduces statistical errors in

the measurement through averaging.

4.4.2. Characterization of hBN emitters
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Figure 4.8: Optical characterization of Stokes polarization analysis candidates; Emitter-1 and
Emitter-2. (a) Schematic of the micro-photoluminescence setup used for optical spectroscopy
and polarization analysis of the emitters. (b) Normalized PL spectrum of Emitter-1 at room
temperature, with its ZPL at 664 nm and characteristic PSB emission around 730 nm. The in-
set shows the linear polarization analysis, indicating a DoLP of 0.66 and a dipole orientation of
Y = 47°. (c¢) Normalized PL spectrum of Emitter-2, with a ZPL at 575 nm and PSB emission
around 630 nm. The inset shows its corresponding linear polarization measurement, with a DoLP
of 0.39 and an orientation of ¥ = 126°. (d, e) Second-order photon correlation measurements
for the ZPL emission of Emitter-1 and Emitter-2, respectively. The strong antibunching values of
g»(0) = 0.035 + 0.002 for Emitter-1 and g®(0) = 0.36 + 0.005 for Emitter-2 unambiguously
confirm their single-photon nature.
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The fundamental optical properties of the two hBN defects selected for this study,
Emitter-1 and Emitter-2, are summarized in Figure 4.8. The experimental setup used for
all measurements is shown in panel (a). The room-temperature PL spectrum of Emitter-1,
acquired under 483 nm pulsed excitation with an 80 MHz repetition rate, is displayed
in panel (b). It is characterized by a sharp ZPL at 664 nm, corresponding to an energy
of 1.87 eV. The associated emission features two distinct PSBs at 727 nm and 743 nm,
which correspond to coupling with signature optical phonon modes of hBN at 160 meV
and 200 meV, respectively (80). The inset presents the results of a linear polarization
analysis, which yields a dipole orientation of ¥ = 47° and a DoLP of 0.66. Similarly, the
PL spectrum for Emitter-2, shown in panel (c), exhibits a prominent ZPL at 575 nm with
corresponding PSBs around 630 nm. Its linear polarization analysis reveals a distinct
dipole orientation of ¥ = 126° and a DoLP of 0.39. To verify the quantum nature of
the emission, second-order photon correlation measurements were performed for both
defects. The results, shown for Emitter-1 in panel (d) and Emitter-2 in panel (e), confirm
strong photon antibunching. The correlation values at zero time delay were measured
to be g?(0) = 0.035 + 0.002 for Emitter-1 and g®(0) = 0.36 + 0.005 for Emitter-2,
unambiguously validating their operation as true single-photon sources.

Having confirmed the single-photon nature and fundamental spectral properties of
both emitters, the investigation now proceeds to a detailed analysis of their polarization
states. Of particular interest is the observation from Figure 4.8 (b) that Emitter-1 has a
DoLP of around 70%. To determine whether this value is due to a genuine random de-
polarization effect or a static, elliptical polarization state, a time-averaged Stokes analysis

was first performed on this emitter, as detailed in the following section.

4.4.3. Time-Averaged Stokes Polarization Analysis of Emitter 1

A time-averaged Stokes analysis was performed on Emitter-1 to determine its
complete, time-integrated polarization state. The results of this measurement, conducted
using the RQWP technique, are summarized in Figure 4.9. The top panel (a) shows
the polarization-resolved spectral map, recorded as a function of the QWP angle, while
the bottom plot shows the spectrally resolved DoP extracted from this data. The emis-
sion is almost perfectly polarized at the center of the ZPL (664 nm), reaching a DoP
of 99%. However, the DoP decreases for wavelengths detuned from the ZPL, which is
consistent with phonon-induced depolarization mechanisms previously observed in hBN

emitters (13, 32).
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Figure 4.9: Full polarization state characterization of ZPL emission from Emitter-1 using the
RQWP method. (a) Polarization map of the emitter’s photoluminescence, obtained using the
RQWP method. The plot at the bottom shows the spectrally resolved DoP of the emission, which
reaches a maximum of 99% at the center of the ZPL. (b) The integrated ZPL intensity plotted as
a function of the QWP rotation angle. The red solid curve is the theoretical fit to the data used
to extract the Stokes parameters. (c¢) The polarization ellipse of the ZPL, with ¥ representing the
orientation of the major axis relative to the horizontal. The arrow indicates the direction of rotation,
corresponding to the detected circular polarization component. (d) The complete polarization state
visualized as a vector on the Poincare sphere. The box at the bottom lists the extracted Stokes
parameters and the corresponding calculated values for the DoP, DoLP, and the ellipse parameters
(W and y).

The integrated ZPL intensity as a function of QWP angle is shown in panel (b).
A fit of the RQWP intensity model (Equation 4.6) to this data allows for the extraction
of the full Stokes parameters. The complete polarization state is visualized as a polariza-
tion ellipse in panel (c) and as a vector on the Poincare sphere in panel (d). The analysis
yields the Stokes parameters S| = —0.09, S, = 0.80, and S3 = 0.59. The corresponding
Degree of Polarization is DoP = 0.99, while the Degree of Linear Polarization is only
DoLP = 0.80. This significant difference between DoP and DoLP reveals that the re-
duced linear polarization of Emitter-1 is not due to random depolarization but is a direct
consequence of its emission having a large, static circular polarization component. The
extracted orientation of ¥ = 48° is also in excellent agreement with the value obtained
from the independent linear analysis shown in Figure 4.8(b). These results demonstrate
the power of Stokes analysis to distinguish between true depolarization and coherent el-
liptical polarization states, a task that is impossible with simpler linear projection mea-

surements.
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4.4.4. Time-Resolved Stokes Polarization Analysis of Emitter 2

In addition to the time-averaged results, a time-resolved Stokes analysis was con-
ducted on a single hBN defect (Emitter-2) to probe the dynamics of its polarization. This
technique involves recording PL decay curves at various QWP angles and extracting the
Stokes parameters as a function of time post-excitation. Figure 4.10(a) displays the DoP
and the corresponding Stokes parameters of the fully polarized emission component over
a 5 ns time window. The DoP rises sharply from approximately 0.3 to 0.5 within the first
nanosecond before stabilizing. This dynamic aligns with previous observations of defects
in both hBN and diamond (44). During this initial transient period, the Stokes parameters

S, and § 5 exhibit significant evolution, while S| remains relatively constant near zero.

2 0.2 W, T Y R o b RC(S) CA S0
mm 5 "..“.«.' " ragateatn e e Meta o X 5 | iy
-0.4 ‘5 -10 =
0.9 uss) O L
n e e ey - i —1 140
_1.0 4 reteugay o e senaame o0 e o a0 oot S resatene e ; — L
=
_0.2p . 1 < 136 -
0.6 1.0 0 1 _ 2 3 4 5
o5 T i RC (S, Decay Time (ns)
A ' ,~~ Lo~ - [ RC (S,) RC(S,)
=) -
A 0.4 e 0.6 _
i o4 . *45(8)
0.3}~ . = +45(S,)
0 S S S Sy S 5.0
0 1 2 3 4 5 s Lo,
Decay Time (ns) 1.5 H(S,) H(S)

Figure 4.10: Time-resolved polarization dynamics of Emitter-2 and possible relaxation mecha-
nisms of a single-photon emitter. (a) The time-resolved DoP and the individual Stokes parameters
(81,52, 53) of the completely polarized part of the emission, plotted against the decay time for the
first 5 ns after excitation. The photoluminescence decay histogram from the TCSPC measurement
is overlaid on the DoP plot. (b) The evolution of the polarization state visualized on the Poincare
sphere for two distinct time windows: a dynamic region from 0-1 ns (blue) and a more stable
region from 1.5-5.0 ns (red). The insets show the distribution of polarization states on the sphere’s
surface for each respective window. (¢) The corresponding dynamical behavior of the polarization
ellipse parameters, orientation (‘t') and ellipticity (y), as a function of decay time. (d) A schematic
illustrating two potential mechanisms responsible for the observed DoP behavior: a directional
relaxation process (left) and a persistent, random fluctuation of the polarization state (right).

Figure 4.10(b) visualizes the evolution of the polarization state on the Poincare
sphere for an early, dynamic time window (0-1 ns, blue) and a later, more stable window
(1.5-5.0 ns, red). During the first nanosecond, the polarization state evolves toward the
linear polarization plane, evidenced by the decrease in the circular component (S 3) and

the evolution of the linear component (S ;). The corresponding changes in the polarization
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ellipse parameters-orientation (V) and ellipticity (y)-are shown in Figure 4.10(c).

Based on these observations, two underlying mechanisms can be identified, as
illustrated in Figure 4.10(d). The directional evolution during the early decay times sug-
gests a deterministic relaxation process. In contrast, the persistent fluctuations observed
throughout the emission period point to a stochastic process, which may arise from envi-
ronmental factors such as surface charge fluctuations or spectral diffusion (32).

The initial increase in DoP likely reflects an evolution from a partially mixed
polarization state toward more coherent emission. This can be attributed to the relaxation
of the emitter from a superposition of excited states into a lower-energy excited state that
possesses a better-defined dipole moment. However, the saturation of the DoP at a value
of 0.5, rather than approaching unity, indicates the presence of a persistent depolarization
mechanism. Possible causes include fast spectral diffusion, phonon-assisted transitions,
or emission from unresolved fine-structure levels. These findings underscore the power
of time-resolved Stokes polarimetry, as it provides a comprehensive view of the emission
polarization that allows for the direct observation of intrinsic dynamics that are averaged

out in conventional measurements.

Chapter Summary

In this chapter, we conducted a comprehensive investigation into the polarization
dynamics of single-photon emitters in hexagonal boron nitride. The initial study, using
time-resolved linear polarimetry, revealed that the DoLP of these emitters is not static but
changes dynamically in the first few nanoseconds following pulsed excitation. This ob-
servation highlighted a fundamental ambiguity: a reduced DoLP could stem from either a
genuine random depolarization process or a coherent, non-linear (i.e., elliptical) polariza-
tion state. To resolve this, we employed the RQWP method to perform a complete Stokes
analysis. The time-averaged Stokes measurements on a representative emitter (Emitter-1)
conclusively demonstrated that its DoLP of 0.80 was significantly lower than its true DoP
of 0.99. This proved that the apparent depolarization in a linear basis was, in fact, due to
a significant, static circular polarization component in the emission.

Building on this finding, we performed the first time-resolved Stokes analysis on
an hBN emitter (Emitter-2) to explore its polarization evolution with even greater detail.
This advanced measurement revealed a deeper layer of dynamics, showing that the true
DoP is not constant but increases rapidly from approximately 0.3 to 0.5 within the first
nanosecond of decay before stabilizing. This behavior was attributed to the interplay of

two distinct mechanisms: an initial, rapid relaxation process in which the emitter set-
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tles into a more coherent state, and a persistent, underlying depolarization process likely
linked to environmental noise or unresolved fine structure. These results underscore the
necessity of complete Stokes polarimetry to accurately characterize the complex physics
of solid-state quantum emitters and engineer their properties for future quantum applica-

tions.
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CHAPTER 5

QUANTUM KEY DISTRIBUTION WITH DEFECTS IN
HBN

In this chapter, we present a landmark demonstration: the first integration of a 2D
material-based single-photon emitter into a QKD system. Specifically, we detail the first
use of a hBN defect as the quantum light source for a proof-of-concept QKD application
(4). We begin by establishing the theoretical foundations of QKD, detailing the principles
that ensure quantum-secure communication and providing an overview of foundational
protocols. This includes a detailed explanation of the BB84 (81) and B92 (82) protocols,
which are most relevant to this work. Subsequently, we describe the preparation of the
hBN sample and present a rigorous optical characterization of a single, isolated defect,
confirming its properties as a high-purity, room-temperature single-photon source through
spectral, temporal, and photon correlation measurements. Following this, we detail the
implementation of a proof-of-concept, free-space QKD system using the B92 protocol
with the validated hBN emitter and analyze its performance, including the achieved sifted
key rate and quantum bit error rate. The chapter concludes with a simulation of the secret
key rate as a function of channel loss, providing a clear outlook on the potential of this

platform and a roadmap for future system enhancements.

5.1. Introduction: The Principles of Quantum Secure

Communication

The advent of quantum computing promises to revolutionize fields ranging from
medicine to materials science. However, this computational power also poses a significant
threat to the security of our current digital infrastructure. Much of modern cryptography,
particularly public key systems like RSA and Elliptic Curve Cryptography, relies on the
computational difficulty of specific mathematical problems, such as factoring large num-
bers or solving the discrete logarithm problem (83). A sufficiently powerful, fault-tolerant
quantum computer, running algorithms like Shor’s algorithm, would be able to solve these

problems efficiently, rendering our current public key encryption methods obsolete (70).
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5.1.1. The Post Quantum Cryptographic Imperative

This vulnerability creates an urgent need for new cryptographic methods that are
secure against attacks from both classical and quantum computers. The threat is not a
distant one; it is immediate due to the "store now, decrypt later" scenario (84). In this sce-
nario, an adversary can intercept and store encrypted data today, waiting for the day when
a quantum computer is available to decrypt it. This means that sensitive information with
long-term value, such as government secrets, financial records, and intellectual property,
is already at risk.

In response, the global cryptographic community is pursuing two primary avenues
for quantum-safe security. The first is Post-Quantum Cryptography, which involves de-
veloping new public key algorithms based on mathematical problems believed to be in-
tractable for both classical and quantum computers (85). The second, and the focus of
this chapter, is Quantum Key Distribution. This radically different approach does not rely
on computational assumptions; instead, it grounds its security in the fundamental laws of

physics.

5.1.2. Fundamentals of Quantum Key Distribution

Quantum Key Distribution is a secure communication method that enables two
parties, conventionally referred to as Alice (the sender) and Bob (the receiver), to produce
and share a random, secret key known only to them. This key can then be used with a
symmetric encryption algorithm, ideally the one-time pad, which is provably secure when
used with a truly random key to encrypt and decrypt a message transmitted over a standard
communication channel.

The security of QKD is not derived from mathematical complexity but from the
principles of quantum mechanics (86). It relies on encoding key information onto indi-
vidual quantum states, or qubits, which are typically realized using the polarization states

of single photons (87). The following quantum principles guarantee the security:

e The Observer Effect: A fundamental consequence of quantum indeterminacy is
that the act of measuring an unknown quantum system inevitably disturbs it (88).
If a third party, an eavesdropper named Eve, attempts to intercept and measure the
photons Alice sends to Bob, her measurement will alter the quantum states of those

photons. This introduces detectable anomalies in the communication, allowing Al-
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ice and Bob to quantify the extent of the eavesdropping and abort the protocol if the

security is compromised.

e The No Cloning Theorem: This theorem states that it is impossible to create an
identical, independent copy of an arbitrary, unknown quantum state (89). This pre-
vents Eve from simply intercepting a photon, copying its state perfectly, and send-
ing the original on to Bob without leaving a trace. Any attempt to learn about the

state requires a measurement, which brings the observer effect into play.

While the theoretical framework of QKD promises unconditional security based
on these physical laws, the practical implementation of any QKD system presents sig-
nificant challenges. Government security agencies, such as the U.S. National Security
Agency and Germany’s Federal Office for Information Security (BSI), have correctly
pointed out that the actual security of a QKD system is highly dependent on its specific im-
plementation (90, 97). Real-world components are imperfect: single-photon sources may
occasionally emit multiple photons, detectors have dark counts and finite efficiency, and
optical components can have polarization-dependent losses. These imperfections can cre-
ate side channels that a sophisticated eavesdropper might be able to exploit (92). There-
fore, a critical distinction exists between the protocol’s security, which is a theoretical
abstraction, and the system’s security, which is a property of its physical realization. The
work presented in this chapter is a direct investigation of this relationship. The non-zero
Quantum Bit Error Rate (QBER), the necessity of temporal filtering to combat detector
noise, and the finite sifted key rate are not mere experimental limitations; they are the
cryptographic consequences of the physical properties of the single photon source and
the detection apparatus. This chapter, therefore, explores not just a QKD protocol, but the
tangible performance of a QKD system where the material science of the hBN defect is in-
extricably linked to the cryptographic security and efficiency of the entire communication
link.

5.2. Overview of Foundational QKD Protocols

The foundational protocols of quantum cryptography are often categorized as
prepare-and-measure protocols, a family of schemes where one party (Alice) prepares
single quantum states and sends them to a second party (Bob) for measurement. The

security of these protocols relies on the fundamental principle that any attempt by an
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eavesdropper to measure the quantum states will inevitably cause a disturbance that Al-
ice and Bob can detect. The seminal examples of this approach are the BB84 protocol,
where Alice prepares and sends single photons in states randomly chosen from two mu-
tually unbiased bases, and the B92 protocol, which uses just two non-orthogonal states.
Given their direct relevance to the experimental work presented in this thesis, we will now

examine the BB84 and B92 protocols in greater detail.
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Figure 5.1: Comparison of (a) BB84 and (b) B92 Quantum Key Distribution protocols. The
detailed explanation of the protocols can be found in the main text.
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5.2.1. The BB84 Protocol

The first and most well-known QKD protocol is the BB84 protocol, proposed by
Charles Bennett and Gilles Brassard in 1984 (81). It serves as the foundation for much
of the field, and its security has been rigorously studied. The protocol (See Figure 5.1 a)

proceeds as follows:

1. Preparation (Alice): Alice generates two independent strings of random bits. The
first string will become the raw key material. The second string determines the
polarization basis she will use to encode each bit of the first string. She uses two
mutually unbiased bases: the rectilinear basis, consisting of horizontal (|H), 0°) and
vertical (|V), 90°) polarizations, and the diagonal basis, consisting of diagonal (|D),
+45° ) and anti-diagonal (|A), 135°) polarizations. For example, she might assign
|H) and |D) to represent a 0’ bit, and |V) and |A) to represent a "1’ bit. For each
bit in her key string, she prepares a single photon in the corresponding polarization

state, chosen from the basis dictated by her random basis string.

2. Transmission: Alice sends the sequence of prepared single photons to Bob over a

quantum channel, which could be an optical fiber or a free space link.

3. Measurement (Bob): For each photon he receives, Bob also randomly and inde-
pendently chooses a measurement basis (rectilinear or diagonal). He measures the
photon’s polarization in his chosen basis and records the outcome. If Bob decides
on the same basis as Alice, he should measure the same bit value as Alice, and thus
he can correctly infer the bit that Alice intended to send. If he chose the wrong

basis, his result, and thus the bit he reads, will be random.

4. Sifting (Public Discussion): After the quantum transmission is complete, Alice and
Bob communicate over a public but authenticated classical channel. They publicly
announce the sequence of bases they used for each photon, but not their key bits.
They compare their basis choices and discard all measurement results where they
used different bases. On average, this step, known as sifting, removes half of the

raw data. The remaining correlated bits form the "sifted key".

5. Error Estimation: Alice and Bob then sacrifice a random subset of their sifted key
bits by publicly comparing them. The discrepancy between their values is referred
to as the Quantum Bit Error Rate. If the QBER is below a predefined security
threshold (25% for generic Intercept-Resend Attack (93), between 11% - 28% for
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more complex attacks and/or with additional security measures (94, 95)), they can
proceed. A high QBER indicates the likely presence of an eavesdropper, and the

protocol must be aborted.

6. Post Processing: If the QBER is acceptably low, Alice and Bob apply two classical
algorithms to the remaining sifted key. First, error correction is used to identify
and remove any discrepancies in their key strings. Second, privacy amplification is
performed, a process where they distill a shorter, but provably secret, final key by
applying a hash function. This step effectively removes any partial information that

Eve might have gained.

5.2.2. The B92 Protocol

In 1992, Charles Bennett proposed a simplified version of BB84, now known as
the B92 protocol (82). Its main innovation is the use of only two non-orthogonal quantum
states instead of the four states used in BB84. This simplification streamlines the protocol,
particularly the classical communication phase, although at the cost of a lower key rate

(96). The protocol (See Figure 5.1 b) proceeds as follows:

1. Preparation (Alice): Alice’s bit value directly determines which of two non-orthogonal
states she prepares. For instance, in an implementation like the one described in this
chapter, a ’0’ bit is encoded with a vertical polarization (|V), 90°) and a ’1’ bit is

encoded with a diagonal polarization (|D), +45°).

2. Transmission: Alice sends the sequence of prepared photons to Bob over the quan-

tum channel.

3. Measurement (Bob): For each incoming photon, Bob randomly chooses between
two polarizations, each orthogonal to one of Alice’s prepared states. For example,

he can choose to select anti-diagonal (JA)) and horizontal (|H)) polarization states.

4. Sifting (Public Discussion): The sifting process is fundamentally different from
BB84. A conclusive result is kept for the key only when Bob’s measurement unam-

biguously reveals the bit Alice sent. This occurs in the following cases:

e [f Bob detects a horizontal (|H)) photon, he knows with certainty that Alice

must have sent |D), so he records a’1’.
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e If Bob detects an anti-diagonal (JA)) photon, he knows with certainty that

Alice must have sent |V), so he records a ’0’.

All other polarization states are ambiguous and must be discarded. Bob then pub-
licly announces only the time slots in which he made a conclusive detection (C,
meaning clicked). Alice compares this list to her original sequence and discards the
time slots where Bob had no detection (NC, meaning not clicked). The remaining
time slots (corresponding to bits) form the sifted key. This process has a theoretical

success probability of 25% per photon sent due to random selections on Bob’s side.

Table 5.1: Comparison of the BB84 and B92 Quantum Key Distribution protocols.

Feature BB84 Protocol B92 Protocol

States Used by Alice Four states from two mu-  Two non-orthogonal
tually unbiased bases states (e.g., |V),| +45°))
(e.g., |H),|V),| +45°),| —
45°))

Basis Choices by Alice Randomly chooses be- The bit value itself de-
tween two bases (e.g., termines the state; no
rectilinear or diagonal) for separate basis choice is
each bit. needed.

Basis Choices by Bob Randomly chooses be- Randomly chooses be-

Sifting Process

Theoretical Efficiency (Ideal)

Core Security Principle

tween the same two bases
as Alice for each mea-
surement.

Alice and Bob publicly
announce their basis
choices and discard all
events where the bases do
not match.

50% of transmitted pho-
tons contribute to the
sifted key.

No-cloning theorem
and disturbance upon
measurement of non-
orthogonal states (87).

tween two specific mea-

surement bases designed
to identify one of Alice’s
states.

Bob only announces the
time slots of conclusive
detections. No basis an-
nouncement is required.

25% of transmitted pho-
tons contribute to the
sifted key.

Disturbance upon
measurement of non-
orthogonal states (97).

The table 5.1 summarizes the key operational differences between the BB84 and

B92 protocols, highlighting the distinctions in state preparation, sifting procedure, and

theoretical key rate.
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5.2.3. Entanglement-Based Protocols

While the prepare-and-measure schemes are more straightforward to implement, it
is essential to acknowledge the other prominent family of QKD protocols: entanglement-
based protocols. The E91 protocol, pioneered by Artur Ekert in 1991, operates on a
different principle (98). Instead of Alice preparing states, a central source distributes
pairs of entangled particles (e.g., photons) to Alice and Bob. They each measure their
particle, randomly choosing from a set of bases. Security is guaranteed by testing a Bell-
like inequality on a subset of their measurement results. A violation of this inequality
confirms the presence of genuine quantum correlations, which cannot be mimicked by
a classical eavesdropper, thus elegantly tying the security of QKD to the fundamental
non-locality of quantum mechanics.

The conceptual link between these two approaches was solidified by the BBM92
protocol (99), which showed that an entanglement-based source could be used to imple-
ment the BB84 scheme. In this view, Alice can measure her particle from an entangled
pair, and her random measurement choice and its outcome effectively "prepare” the state
of Bob’s particle in one of the BB84 states. This equivalence not only unified the un-
derstanding of different QKD schemes but also provided new insights into their security

proofs.

5.3. B92 Protocol QKD with an hBN-based Single Photon Source

This section describes the full experimental realization of a QKD system utilizing
a single-photon emitter based on a defect in hexagonal boron nitride. The following
subsections detail the complete process, beginning with the material preparation, followed
by a rigorous optical characterization to validate the emitter as a suitable quantum source,
and culminating in the integration of the source into a QKD setup and the analysis of its

performance.

5.3.1. Sample Preparation

The experimental work in this chapter transitions from the theoretical principles
of QKD to a practical demonstration using a novel quantum light source. The source plat-

form is hBN, a two-dimensional van der Waals material known for its wide bandgap and
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ability to host optically active defects that can function as single-photon emitters at room
temperature. The sample was prepared by obtaining multilayer hBN flakes from a com-
mercial solution (Graphene Supermarket) and drop casting them onto a silicon substrate
with a 285 nm layer of silicon dioxide (SiO,/S1). This scalable and straightforward prepa-
ration method can yield numerous isolated defects suitable for study. All experimental
data presented in this chapter were obtained from a single, isolated defect found within

one of these flakes, operating entirely at room temperature.

5.3.2. Optical characterization of QKD candidate

Before a quantum emitter can be used in a QKD experiment, it must be rigorously
characterized to ensure it meets the stringent requirements for such an application. The
key criteria are that it must be a bright, stable, and pure single photon source with well-

defined polarization properties.
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Figure 5.2: Schematic representation of the confocal micro-PL setup used to characterize the
optical properties of single defects in hBN. A spectrometer spectrally analyzes collected emission,
and its single-photon nature is measured with an HBT interferometer. Spectrally filtered and
polarized single photon emission is guided to the QKD system via a polarization-maintaining
single-mode fiber. Reprinted with permission from Samaner, C. et al. Adv. Quantum Technol.
2022, 5 (9), 2200059. Copyright 2022 Wiley-VCH GmbH.

The initial identification and subsequent optical characterization of the defect were
performed using the custom-built confocal micro photoluminescence (uPL) setup de-
picted in Figure 5.2. A pulsed laser was used for excitation, focused onto the sample
by a high-numerical-aperture microscope objective (NA = 0.75), which also collected the

resulting photoluminescence. A dichroic mirror separated the excitation and emission
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paths. The collected emission could be directed to a spectrometer for spectral analysis
or to a Hanbury Brown and Twiss (HBT) interferometer for photon correlation measure-
ments to verify its quantum nature. Once an emitter was fully characterized and deemed
suitable, its emission was spectrally filtered and coupled into a polarization-maintaining

single-mode fiber for delivery to the QKD system.
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Figure 5.3: PL mapping, spectrum, and polarization response of a localized emitter in bulk hBN.
(a) PL map of a bulk hBN with a bright localized emission. The inset shows the optical image of
the studied hBN structure. (b) The PL spectrum of the isolated defect, taken at a 1 MHz repetition
rate, shows the ZPL and PSB emission of the defect, as well as the Raman scattering from the
silicon substrate. The inset shows the excitation (blue) and emission (red) polarization-dependent
intensity of ZPL emission. Reprinted with permission from Samaner, C. et al. Adv. Quantum
Technol. 2022, 5 (9), 2200059. Copyright 2022 Wiley-VCH GmbH.

The first step was to locate a suitable emitter. This was achieved by creating a pho-
toluminescence map of the sample, as shown in Figure 5.3a. The map reveals a bright,
spatially localized emission spot, indicating the presence of an isolated defect. The cor-
responding emission spectrum, recorded under a 1 MHz laser repetition rate, is shown
in Figure 5.3b. The spectrum exhibits the characteristic features of a defect emitter in
hexagonal boron nitride. A sharp and intense ZPL is observed at an energy of 1.848 eV
(wavelength of 671 nm). This ZPL is accompanied by a broad PSB centered at approxi-
mately 1.683 eV. The energy difference between the ZPL and the PSB peak is ~165 meV,
which corresponds well with the energy of the high-energy optical phonon mode in the
hBN lattice (80). The fact that the ZPL emission strongly dominates the spectrum signi-
fies a large Debye-Waller factor. This is highly desirable for practical applications, as it
allows for efficient spectral filtering to isolate the ZPL photons, thereby maximizing the

usable photon flux and rejecting background noise. The inset of Figure 5.3b shows the
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polarization-dependent intensity of the ZPL emission. The emitter exhibits strong linear
polarization for both excitation and emission, with a measured visibility of approximately
78% for emission. This pronounced polarized nature of the emission is a fundamental

prerequisite for using the photon’s polarization to encode quantum information.

Brightness and Emission Dynamics

A practical QKD source must be bright enough to support a reasonable key ex-
change rate. To quantify the brightness of the selected emitter, an excitation power-
dependent saturation measurement was performed on the spectrally filtered ZPL emis-
sion. The result, obtained under a 40 MHz laser repetition rate, is shown in Figure 5.4a.
The emission rate increases with excitation power before beginning to saturate, a hallmark
of a single quantum emitter. The data was fit using a three-level model, which yielded a
projected maximum emission rate (R.,) of 495 kHz into the first collection optic. This
confirms that the defect is a bright source capable of generating a high flux of single

photons.
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Figure 5.4: Excitation power dependence, lifetime, and photon correlation of a single emitter in
bulk hBN. (a) Excitation power dependence of ZPL emission (spectrally filtered) measured with
an APD under 40 MHz repetition rate. Inset: Time resolved PL of the defect with a decay time
of 3.45 ns. (b) Second order photon correlation measurement of the same emitter taken under 1
MHz repetition rate. The anti-bunching value is estimated as g®(0) = 0.12 +0.03. Reprinted with
permission from Samaner, C. et al. Adv. Quantum Technol. 2022, 5 (9), 2200059. Copyright
2022 Wiley-VCH GmbH.

The emission dynamics were studied using time-correlated single-photon count-
ing (TCSPC). The inset of Figure 5.4a shows the photoluminescence decay trace, which
is well described by a single exponential function. The fit reveals an excited state lifetime
of 7 = 3.45 £ 0.05 ns, a value typical for hBN emitters and sufficiently short to support

high repetition rate operation.
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Verification of Single Photon Emission

The most critical characteristic of a light source for QKD is its single-photon pu-
rity. The security of QKD protocols against sophisticated attacks, most notably the photon
number splitting (PNS) attack, fundamentally relies on the promise that Alice sends one
and only one photon at a time. In a PNS attack, if Alice emits a pulse containing multiple
photons, Eve can intercept the pulse, "peel off" one photon to measure and gain informa-
tion about the key, and forward the remaining photon(s) to Bob, all without introducing
detectable errors. A trustworthy single-photon source renders this attack ineffective.

To verify the single-photon nature of the emitter, we measured its second-order
autocorrelation function, g (), using an HBT setup. The result is shown in Figure 5.4b.
The function exhibits a pronounced dip at zero time delay (7 = 0), which is the definitive
signature of photon antibunching. The value at the dip was calculated to be g?(0) =
0.12 + 0.03. This value is significantly below the threshold of 0.5, which is the widely
accepted criterion for classifying a source as a single photon emitter.

This measurement provides more than just a qualitative confirmation; it estab-
lishes a quantitative link between the material’s purity and the system’s cryptographic
security. The g®(0) value is a direct measure of the probability of multi-photon emission.
In a complete security analysis of a QKD system, the measured g'®(0) is a critical input
parameter. A lower value directly translates to less potential information leakage to Eve,
which in turn allows for a higher secure key rate to be distilled during the privacy am-
plification stage. Therefore, the quality of the hBN crystal and the specific nature of the
defect, which together determine the g'®(0) value, are not merely material properties but

are fundamental cryptographic parameters of the entire system.

5.3.3. Integration of Single Photon Source to QKD system

For this demonstration, the B92 protocol was chosen. While less efficient in terms
of key rate than the BB84 protocol, its implementation is more straightforward, partic-
ularly regarding the receiver’s design and classical post-processing, making it an ideal
choice for a proof-of-concept experiment with the available equipment. The complete
experimental setup is illustrated in Figure 5.5. The system is divided into the transmitter
(Alice) and the receiver (Bob).

e Alice (Transmitter): The heart of Alice’s system is the characterized hBN sin-

gle photon source. A pulse generator triggers the excitation laser at a clock rate
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Figure 5.5: Experimental setup of the B92-based free space Quantum Key Distribution system.
The Alice side features a single photon source, a pulse generator (PG), and an electro-optic mod-
ulator (EOM) for polarization encoding. A pulse generator is connected to the EOM via a high-
voltage amplifier (HVA) to generate the high-voltage values necessary for altering the polarization
of single photons by the EOM. The Bob side comprises a beam splitter (BS), two polarizing beam
splitters (PBS), a half-wave plate (HWP) in one path, and two single photon detectors (APDI,
APD?2) for polarization analysis and photon detection. APDs and the Pulse Generator (PG) are
connected to a time tagger unit for synchronization of Alice and Bob. Reprinted with permis-
sion from Samaner, C. et al. Adv. Quantum Technol. 2022, 5 (9), 2200059. Copyright 2022
Wiley-VCH GmbH.

of 1 MHz. The same PG sends a periodic binary signal to a high-voltage ampli-
fier, which drives an electro-optic modulator (EOM). The single photons from the
hBN defect are first passed through a polarizer to ensure a high extinction verti-
cally polarized state before entering the EOM. The EOM, along with a subsequent
quarter-wave plate (QWP), encodes the bit value onto the photon’s polarization. A
voltage of O V from the HVA results in a vertically polarized photon (bit ’0’), while
a voltage of 95 V results in a +45A° polarized photon (bit ’1”), thus preparing the
two non-orthogonal states required for the B92 protocol. The encoded single pho-

tons are then sent to Bob through a free-space quantum channel.

e Bob (Receiver): Bob’s task is to measure the incoming photons in one of two
randomly chosen bases. This random choice is implemented passively using a non-
polarizing 50:50 beam splitter (BS), which directs each photon to one of two mea-
surement arms. Each arm contains a polarizing beam splitter (PBS) set to analyze

a specific basis. One arm measures in the diagonal basis to identify the 45A° state
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(conclusively identifying Alice’s bit 0’), while the other arm, equipped with a half
wave plate (HWP) to rotate the basis, measures in the rectilinear basis to identify
the horizontal state (conclusively identifying Alice’s bit *1’). Each measurement
path terminates in a single photon avalanche diode. A time tagger unit records the
detection events from both APDs and uses the synchronization signal from Alice’s

PG to correlate the events and build the key.

5.3.4. Error and Performance Analysis

The QKD demonstration was performed for a duration of 2.5 seconds with the
system operating at a 1 MHz repetition rate. The excitation power was set to the maximum
available, which corresponded to approximately half the saturation power of the emitter.
The count rate after the microscope objective was 30 kHz, which was reduced to 7.8 kHz
at the input of Alice’s EOM due to coupling losses. After traversing the entire QKD
system, including all optical components and accounting for detector efficiencies and the
25% intrinsic efficiency of the protocol, the final average count rate at each of Bob’s
detectors was approximately 400 Hz, in addition to detector dark counts of 1.5 kHz.

Figures 5.6a and 5.6b show histograms of the time difference between Alice’s
laser trigger and Bob’s photon detection events. The peak in the distribution occurs at a
delay of approximately 148 ns, a latency primarily due to the system’s electronics. The
temporal spread of this peak is a combination of the emitter’s 3.45 ns lifetime and the
timing jitter of the detectors.

A crucial technique in practical QKD is temporal filtering. By only accepting
detection events that fall within a narrow time window (At) around the expected arrival
time, one can significantly improve the signal-to-noise ratio by rejecting a significant
fraction of uncorrelated detector dark counts. However, this creates a trade-off: a narrower
window improves the QBER but reduces the number of accepted bits, thus lowering the
sifted key rate (SKR). This relationship is explicitly shown in Figure 5.6c. As the temporal
filter window is tightened from 9 ns to 3 ns, the QBER improves from 11.34% to 8.95%,
but the SKR decreases from 414 bps to 238 bps. For this demonstration, a 3 ns window
provides a good balance, yielding a secure key with a QBER well below the insecure
limit. The key experimental parameters and results are summarized in Table 5.2.

These results, particularly a sifted key rate of 238 bps with a QBER of 8.95%

under a 3 ns temporal filter, represent the first successful QKD demonstration using a
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Figure 5.6: APD signal arrival histograms and QBER/bit rate performance in a QKD demonstra-
tion. (a,b) Histograms of relative time differences between laser trigger and detection on APDs,
showing total counts in 1 ns time intervals over 2.5 seconds of QKD demonstration. (¢) Change
of Quantum Bit Error Rate and bit rate as a function of temporal filtering. Reprinted with per-

mission from Samaner, C. et al. Adv. Quantum Technol. 2022, 5 (9), 2200059. Copyright 2022
Wiley-VCH GmbH.

defect in hexagonal boron nitride. To place this achievement in the broader context of
the field, it is instructive to compare its performance with that of other prominent single-
photon source platforms, as detailed in Table 5.3. A close examination reveals several
key insights. Our demonstrated QBER of 8.9-11.3% is within the range of other solid-
state systems, such as the quantum dot demonstration in Ref. [105], which reported a
QBER of 6.0-9.0%. The corresponding normalized secure key rate (SKR/Freq.) of our
system, (238-414) x1075, is notably higher than the 33.6 x10~° achieved in that work,
highlighting the high photon flux of our hBN emitter. While more mature platforms, such
as NV centers [108] or specific QD systems [104, 106], exhibit lower QBERs and, in
some cases, higher key rates, it is crucial to recognize that these represent technologies
that have been developed over a significantly more extended period. Our results, achieved
in a proof-of-concept setup, are therefore highly encouraging. The performance metrics
are not limited by the hBN emitter’s intrinsic properties alone but are also influenced

by factors discussed previously, such as significant detector dark counts and suboptimal

75



Table 5.2: Summary of QKD experimental parameters and results under 1 MHz operation.

Temporal Mean Photon Purity Sifted Key QBER
Filtering (Ar) Number (u) (g®(0)) Rate (bps) (%)
3ns 0.0117 0.046 238 8.95
9 ns 0.0234 0.080 414 11.34

optical coupling efficiency.

Table 5.3: Comparison of QKD demonstrations using color centers in hBN and other single pho-
ton sources. (SKR: Secure Key Rate). Used with permission of Wiley-VCH GmbH, from (/00);
permission conveyed through Copyright Clearance Center, Inc.

. Photon SKR/Freq.
Source Refs. Protocol Encoding A (nm) per pulse QBER (%) (Bits x10-6) Bound (dB)
hBN (101) BB84 Passive 728 — — — 26
(€)] B92 Pol. 671 0.011-0.023 8.9-11.3 (238-414) x1076 22
(102) BB84 Pol. 645 0.012 3.0-8.0 (504-900) x107° —
QDs (103) BB84 Pol. 877 0.007 2.5 329 x107° 28
(104) BB84 Pol. 910 0.0034 6.0-9.0 33.6 x107° —
(23) BB84 Pha. 1580 0.05 2.3 70 x107° 23
NV Center (/05) BB84 Pol. 637-750 0.014 4.6 1792 x1076 20
(106) BB84 Pol. 600-800 0.029 3.0 2600 x107° 16
TMDCs (107) BB84 Passive 807 0.013 0.8 — 23
Molecule (108) BB84 Passive 780-830  0.04-0.08 2.0-3.9 — 23-27

Comparison of hBN defects with other SPSs validates that hBN defects are a vi-
able and immediately competitive platform for QKD, establishing a solid performance
baseline. It also illuminates the path forward. The superior performance of more estab-
lished systems demonstrates the potential gains that can be realized by addressing the
specific engineering and system-level bottlenecks identified in our setup. This naturally
leads to the question of how much performance can be improved with practical enhance-
ments. To provide a quantitative answer and to chart a course for future work, we now

turn to a simulation of the secret key rate under optimized conditions.

Secret Key Rate Simulation and Outlook

To evaluate the potential of this hBN-based platform and to benchmark it against
other QKD systems, we performed a simulation of the secret key rate as a function of
channel loss. The simulation employs a standard model for the BB84 protocol (for ease
of comparison with the literature) and utilizes the experimentally measured parameters of

our source as inputs (/09). The secret key rate per pulse, R, is given by:

1
R = SPaie[1 = Hy(QBER,) — fecH2(QBER,)]
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where Pk is the overall detection probability at Bob, H; is the binary Shannon entropy
function, QBER,, and QBER,, are the phase and bit error rates respectively, and fgc is
the efficiency of the error correction protocol. The QBER and detection probabilities are
functions of the mean photon number per pulse (i), the source purity (g(0)), detector

dark counts, and total channel loss.
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Figure 5.7: Simulated secret key rate versus channel loss for At = 3 ns and At = 9 ns temporal
filtering settings. Solid lines represent simulations using experimentally measured values, while
dashed lines represent an optimized experimental setup with improved optical transmission and
reduced dark counts in APDs. Reprinted with permission from Samaner, C. et al. Adv. Quantum
Technol. 2022, 5 (9), 2200059. Copyright 2022 Wiley-VCH GmbH.

The results of this simulation are shown in Figure 5.7. The solid lines represent
the performance of the current experimental setup for the two temporal filtering condi-
tions (At=3 ns and At=9 ns). The simulation confirms that a tighter temporal filter (3
ns) provides a more robust key over longer distances (higher channel loss) due to its
lower QBER, despite having a lower initial key rate (//0). More importantly, this anal-
ysis provides a clear roadmap for future improvements. The dashed lines in Figure 5.7
show the projected performance for an optimized system. This projection assumes con-
crete, achievable engineering improvements, including replacing the coupling fibers to
enhance optical transmission and utilizing commercially available detectors with signif-
icantly lower dark counts (e.g., 25 Hz vs. 1.5 kHz). The simulation shows that these
practical enhancements could boost the secret key rate by nearly an order of magnitude

and significantly extend the achievable communication distance.
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This analysis bridges the gap between a proof-of-concept experiment and a practi-
cal application. While the current key rate of 238 bps is modest, the simulation provides a
data-driven argument for the platform’s viability. It quantitatively demonstrates how much
performance can be gained by tackling specific, identified engineering bottlenecks. Ulti-
mately, the performance ceiling is set by the intrinsic properties of the quantum emitter
itself; its quantum efficiency and saturation rate determine the maximum possible pho-
ton flux. Therefore, the path toward high-speed, long-distance QKD with hBN defects
involves a two-pronged approach: fundamental materials science to discover and engi-
neer even brighter and purer emitters, and parallel advances in quantum engineering to

optimize the collection, transmission, and detection of the single photons they produce.

Chapter Summary

This chapter presents a comprehensive investigation into the use of single-photon
emitters in hexagonal boron nitride for quantum key distribution. It began by establishing
the theoretical foundations of QKD, detailing the principles of the BB84 and B92 pro-
tocols, and highlighting the physical laws that guarantee their security. The core of the
chapter was the presentation of a successful proof-of-concept demonstration of a free-
space QKD system operating at room temperature, utilizing a single, isolated defect in
hBN as the quantum light source. This work represents a significant milestone, marking
the first time a 2D material-based quantum emitter, specifically an hBN defect, has been
successfully integrated into a functional QKD system. The work detailed the essential
steps of selecting and characterizing a suitable emitter, verifying its high single-photon
purity with a measured g®(0) = 0.12 + 0.03, a critical requirement for security against
photon-number-splitting attacks. The implementation of a B92 protocol was described,
achieving a sifted key rate of 238 bps with a quantum bit error rate of 8.95%. The critical
role of practical techniques, such as temporal filtering, in optimizing the trade-off between
key rate and error rate was analyzed. Finally, through security rate simulations, a clear and
quantitative pathway for future performance enhancements was established. By improv-
ing optical efficiencies and detector technologies, the secret key rate and communication
distance of such a system can be substantially increased. This work firmly establishes
that defects in hBN are a viable and promising platform for developing scalable, robust,
and practical QKD systems, paving the way for future advancements in secure quantum

communications.
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CHAPTER 6

CONCLUSION AND OUTLOOK

This thesis has presented a comprehensive investigation into the optical and quan-
tum properties of single-photon emitters in hBN, culminating in a landmark demonstra-
tion of their integration into a QKD system. Our work systematically advanced the under-
standing of these emitters, from their fundamental polarization behavior to their applica-
tion in secure quantum communications. This final chapter summarizes the key findings
from the three main studies of this research, draws overall conclusions, and provides an

outlook on potential future investigations that build upon the results presented herein.

6.1. Summary of Key Findings

Our research was structured around three interconnected studies, each building
upon the previous one to provide a comprehensive picture of the potential of hBN defects

as robust quantum light sources for future quantum technologies.

6.1.1. Polarization Dynamics in a Linear Basis

The initial phase of our research focused on characterizing the fundamental emis-
sion properties of individual defects in hBN and NV centers in diamond by analyzing
their time-resolved linear polarization dynamics. By creating detailed polarization-decay
maps, we discovered that the DoLP is not static but evolves significantly over the nanosec-
ond lifetime of the emitters. A key finding was the drastic improvement in linear visibility
for photons emitted in the first few nanoseconds of the decay process, increasing from ap-
proximately 50% to nearly 70% in some emitters. While our drop-cast hBN emitters
showed stable dipole orientations, some irradiated samples and NV centers exhibited a
concurrent change in their emission axis in this early time window. This discovery high-
lights that time-averaged polarization measurements, which are commonly used in the
literature, can obscure the true polarization quality of an emitter, and that the most highly

polarized photons are emitted at the beginning of the decay process. This has profound
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implications for optimizing polarization-based quantum protocols.

6.1.2. Complete Polarization Dynamics with Stokes Parameters

Recognizing that a simple linear basis analysis cannot distinguish between true
depolarization and static circular polarization components, our second study employed a
more sophisticated approach. We implemented the RQWP method to perform a complete
time-averaged and time-resolved Stokes polarization analysis. The time-averaged mea-
surements revealed a crucial insight: for a representative emitter, the DoP was exception-
ally high at 99%. In contrast, the DoLP was only 80%. This unambiguously demonstrates
that the reduced linear visibility was not primarily due to random depolarization but rather
to a significant and stable circular polarization component in the emission.

The time-resolved analysis further illuminated these dynamics. We observed that
the DoP itself exhibits a distinct rise within the first nanosecond, confirming our ear-
lier findings. Furthermore, the evolution of the individual Stokes parameters (S, S», S3)
revealed that the polarization state follows a distinct trajectory on the Poincare sphere dur-
ing the emission process, starting with a larger circular component that diminishes over
time. These results provide a comprehensive and nuanced picture of the emission pro-
cess, suggesting that the polarization state is not fixed but evolves dynamically, a critical

consideration for the precise manipulation of polarization-encoded qubits.

6.1.3. Quantum Key Distribution with an hBN Emitter

The culmination of this research was the successful integration of a fully char-
acterized, room-temperature hBN single-photon emitter into a functional QKD system.
This work constitutes the first demonstration of a QKD protocol using a 2D material-
based single-photon source. We designed and built a free-space communication link and
implemented the B92 prepare-and-measure protocol, using the strong linear polarization
of the hBN defect to encode cryptographic bits.

The experiment was a definitive success, resulting in the generation of a secure
key with a sifted key rate of 238 bps and a QBER of 8.95%. This QBER is well be-
low the security threshold for the protocol, confirming the system’s viability for secure
communication. We further analyzed the critical trade-off between the SKR and QBER

by applying temporal filtering to the photon arrival times, demonstrating a key optimiza-
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tion technique for practical QKD systems. The successful operation of this system, using
a scalable and robust room-temperature emitter, represents a significant step toward the

practical realization of quantum communication networks.

6.2. Overall Conclusion

In conclusion, this thesis presents a comprehensive and systematic investigation
into the polarization properties of hBN quantum emitters, successfully translating these
fundamental insights into a pioneering technological application. Our work has moved
beyond static, time-averaged characterizations to reveal the rich, time-resolved polariza-
tion dynamics that define these sources. We have shown that while linear polarization
can be imperfect, the true degree of polarization is often near unity, with the discrepancy
arising from a dynamic interplay between linear and circular components.

By harnessing the most stable component of this emission, we achieved a land-
mark demonstration: the first quantum key distribution link secured by single photons
from a 2D material. This result demonstrates that hBN emitters are not merely a subject
of academic curiosity but a viable, robust, and scalable platform for building practical
quantum technologies that can operate at room temperature. This research effectively
bridges the gap between fundamental materials science and applied quantum informa-
tion, establishing a solid foundation for utilizing 2D materials in the next generation of

secure communication systems.

Future Outlook

The findings presented in this thesis lay the groundwork for several exciting fu-
ture directions, spanning both fundamental emitter physics and applied quantum com-
munication. A crucial next step in polarization dynamics research is to investigate the
underlying physical mechanisms responsible for the time-dependent evolution of the po-
larization state, exploring the potential roles of spin dynamics, local charge fluctuations,
and phonon interactions. A deeper understanding could enable the active engineering of
defects (using techniques such as localized strain, electric fields, or coupling to photonic
cavities) to produce single photons with tailored, stable polarization states on demand.
Such high-quality flying qubits would, in turn, directly benefit the advancement of hBN-
based QKD. Building upon the proof-of-concept system demonstrated here, future work
should focus on dramatically increasing the secure key rate by integrating these optimized

emitters into high-efficiency photonic structures such as solid immersion lenses or on-chip
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waveguides. This would pave the way for implementing more robust decoy-state pro-
tocols, extending communication distances by developing telecom-wavelength emitters
for integration with existing fiber networks, and ultimately, realizing entanglement-based
QKD as a foundational step toward the development of quantum repeaters and the broader

quantum internet.
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