
ABSTRACT

WILMINGTON, RYAN LUCAS. Nano-Spectroscopy of Quantum Material Systems for Photonics
Applications. (Under the direction of Dr. Kenan Gundogdu).

Possibly one of the greatest technological innovations of the next decade will be the full

realization of chip-scale photonic circuits, which could offer room-temperature, scalable,

low-noise solutions for many applications in classical and quantum computing, networking,

and metrology. However, the major hurdle for practical implementation of nano-scale

optical photonic systems is the development of photonics components; for the generation,

manipulation, and detection of light at the nanoscale. This thesis will discuss two quantum

material systems with applications for quantum photonics, and my efforts to quantify their

performance.

First I will discuss the optical characterization and analysis of electron-hole liquid for-

mation at high temperatures in low-dimensional transition metal dichalcogenides. 2D

transition metal dichalcogenides (TMDCs) exhibit an electron-hole liquid phase transi-

tion at unusually high temperatures. Because these materials are atomically thin, optical

excitation leads to material expansion. As a result, during the EHL phase transition the

electronic band structure evolves due to both material thermal expansion and renormaliza-

tion of the bands under high excitation densities. Specifically, these effects lead to indirect

gap electronic band structure with a valence band maximum located at the Γ valley. We

developed a methodology for analyzing the spectral evolution of the photoluminescence

of suspended 1L-MoS2 during the EHL phase transition by using Fermi liquid theory. The

resulting analysis reveals a 23-fold increase in radiative recombination per carrier, as well

as valley-specific carrier densities and intraband carrier relaxation kinetics in 1L-MoS2.

More broadly, the results outline a methodology for predicting critical EHL parameters,



shedding light onto the EHL phase transition in 2D TDMCs.

Next, I will investigate quantum single photon emission (SPE) in single point defects

formed within wide-bandgap semiconductors, namely diamond and Aluminum Nitride

(AlN). For quantum computing and networking devices to function in an optical photonics

platform, single-photons are required to act as optical qubits. This scheme has the potential

benefits of room-temperature stability, modular interoperable design, and scalability due

to low attenuation over long distances. While it is relatively easy to generate optical qubits at

cryogenic temperatures, room-temperature is significantly more complex, owing to thermal

coupling between multiple excited states, phonon-induced dephasing, and introduction of

additional broad radiative decay pathways. Our investigation centers on the development

of a photon statistical measurement apparatus for room-temperature SPE analysis, and

our preliminary results isolating quantum emission from nanodiamond crystals and AlN

point defects.
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CHAPTER

1

INTRODUCTION

The word "quantum" has become quite fashionable today, in a way it was not even a

short �ve years ago when I began my PhD. Companies such as IBM and Google have

made mainstream something that was previously known in the popular consciousness

as almost purely mathematical and intangible. However, those who are well-steeped in

the world of quantum devices are aware of both how far the implementations of quantum

technologies have come, as well as how incredibly far these technologies still have to go

before practical devices achieve widespread adoption. For those of us working day to day in

the development and "debugging" of these technologies, it is hard to predict whether we are

at the cusp of a great transition in our capabilities, in the infancy of a new �eld of discovery,
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or even hopelessly misguided by the limitations of our current materials, equipment, and

understanding. This thesis represents the work of one student who has dedicated the last

half-decade of study to the hope that perhaps one day soon, these technologies may outgrow

their adolescent years and �ourish into a new category of microelectronics. However, I

cannot say that I emerge from these years holding the magic wand that will make that

future come true. In reality, this future will be brought about by a monumental collection

of minute triumphs, a few of which I plan to share here.

To begin, I would like to make a few clari�cations. As of writing, Wikipedia currently lists

more than twenty different competing technologies it lists as "candidates for physical real-

izations" for practical qubit designs [98]. A healthy subset of these methods involve optical

photonic systems, or rather, the use of light for the creation, manipulation, and readout of

quantum states. While there are reasonable debates as to which of these technologies will

ultimately prevail, I focus the entirety of my work to these quantum photonics solutions.

While I will speak at some length as to the bene�ts and drawbacks of these various methods,

I can begin to address to the question of "why optics" with a few key arguments:

Although the phrase "quantum computer" evokes the image of a computational ma-

chine, with inputs and outputs, this is fundamentally not correct. Unlike a classical com-

puter, which in its simplest iteration, exists as a set of mechanical logic gates taking binary

inputs to binary outputs, even the simplest quantum computer takes a prepared state

of arbitrary inputs, and performs a quantum measurement, the results of which, when

considered as a statistical ensemble, provide a meaningful result. Furthermore, the sources

and correction of errors such as sign and bit �ips are a much more challenging problem in

a quantum computing scheme, especially given the fragile nature of a stored qubit state as

compared with classical electronic memory. The study of quantum error correction (QEC) is

a highly active �eld, with signi�cant progress being made since the �rst steps by Peter Shor
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in 1995 [83]. However, fundamentally there is a problem in any system which uses qubits to

correct qubits. Without getting into the details of different forms of error correction, let's

assume it could be possible to use three error correcting qubits to "stabilize" one active

computational qubit. We could call this scheme "�rst-order" error correction. Of course,

who grades the graders? To correct for errors in our �rst-order QEC qubits, we need three

more qubits per �rst-order QEC qubit, leading to a total of thirteen qubits needed for mere

second-order QEC of a single qubit state. If the number of QEC qubits per computational

qubit rises to �ve, then the new total is 31, or 57 if seven QEC qubits are needed, all just

for two layers of veri�cation of a single qubit state. Of course, there are smarter ways to

perform QEC to avoid this exponential growth, however there is no doubt that quantum

systems of the near future will consist of a vast majority of QEC qubits which allow for the

practical use of a relatively small group of computational qubits. Now, if we can in�nitely

scale our quantum system, this limitation can be dealt with. However, if the relative noise,

and therefore number of QEC orders necessary, increases with overall qubit size, one can

easily see the catch-22: sacri�ce QEC to reduce noise by lowering qubit number, and in-

crease errors, or increase QEC to reduce error, which increases qubit number and noise,

also increasing error. To summarize the challenge in one word: scalability. While there has

been signi�cant innovation in the scalability of superconducting Josephson junction qubit

design, any solution requiring cryogenic temperatures will fundamentally be dif�cult to

scale inde�nitely. Even classical compute technologies using nanoscale architectures are

dif�cult to cool to ambient temperatures when silicon dye sizes grow too large. However, op-

tical photonic devices may offer a way forward. Scalable optical networking is already well

understood, with signi�cant portions of the internet using infrared optical �ber telecom-

munication to connect vast regions with extremely low transmission latency and signal

attenuation. And unlike electronic networking, which can achieve similar performance in
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classical applications, quantum states can be encoded into optical modes using various

methods which are practical at room-temperature, including single-photon Fock states or

continuous-variable quantum information processing (CVQIP) [28]. These optical devices,

connected with or incorporated within photonics circuits, could use optical networking to

scale our quantum devices schemes without need for extensive cryogenic conditions and

minimized transmission interference. There are already prototypes of optical quantum

experiments using long-distance free-space optical transmission [30]. In summary, in terms

of practical device and network scalability, room-temperature optical schemes provide a

hope of reaching reasonable levels of QEC and scale without the noise or thermal limits of

current superconducting qubit systems.

Of course, while in the abstract it is easy to say that optical photonics is the future of

practical quantum devices, our �eld has both the fortunate and unfortunate role of being

the "second-generation" of quantum computing technology. In 2023, many of the pitfalls

of quantum device development have been identi�ed, and the landscape of quantum

algorithms has signi�cantly matured, however the standards of achievement for quantum

technology have also risen. A basic single-photon generating optical qubit has already been

achieved by multiple mechanisms, and the new goal is a truly competitive "single-photon

source", ideally one that with deterministic, bright and pure single photon generation, from

a room-temperature solid-state system than can be integrated into a chip-scale photonic

system. In Chapter 3, I will discuss these various requirements and our attempts to achieve

them both in my own research and in the broader �eld.

While quantum computing steals most of the limelight in popular culture, there are

of course numerous quantum devices and quantum systems which are related to optical

photonics. Over the course of this thesis, I will discuss my work developing many of these

systems, and I will attempt to show how each prototype optical device could play a role
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in a future quantum photonics device landscape. I will begin with a system which has

shown signi�cant promise for nanoscale optical and electronic devices: the atomically

thin "2D" semiconductor" transition metal dichalcogenide (TMDC). Our study centers on

the formation of electron-hole droplets at room-temperatures, which could be used as a

tunable photonic optical gate or emitter, due to its sensitivity to optical excitation. Next, we

present our investigation into room-temperature single-photon sources, beginning with

nitrogen-vacancy centers in nanodiamond particles. While signi�cant progress has already

been made into the isolation of single-photons from these systems, our work focused on

the practical aspects of deposition, excitation, collection, and purity of photons from these

nanoscale systems. Following this work, we expanded our single-photon investigation

into intrinsic and Ti-implanted defect sites in AlN. In my conclusion, I will brie�y note

some ongoing investigations into shifted-core nanoLEDs, van der Waals nanowires, and

automated optimization of hybrid perovskite formulations. Finally, I mention the ongoing

work I am involved with at the Federal Government Organization X, where I have and

will continue beyond graduation to study single photon generation in room temperature

solid-state material systems.

A �nal note before we begin: by their very nature, the study of quantum materials and

their use in photonics devices involves many characters and components: the theorists

who postulate possible schemes for quantum devices to operate within, the chemists

who study the building blocks of the materials required for these devices, the materials

scientists who study the deposition of materials and prototype these devices, the optical

physicists who characterize these devices, the condensed matter physicists who analyze

these measurements, the device engineers who re�ne these prototypes, the quantum

computational physicists who re�ne the algorithms to be used with these devices, the

engineers who will turn these prototypes into a practical, interoperable system, and the
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electrical engineers and computer scientists who all along the way are needed to develop

the codes and measurement systems to perform each step of the design process. Of course,

at some point in my PhD, I have been the person in each of these roles, or (preferably), I

have found passionate and talented collaborators in each and every one of these �elds

who has been instrumental to each step of these investigations. In the following chapters,

I will focus my core discussion in Chapters 2 and 3 on the condensed matter and optical

physics elements of this work, and in my conclusion I will give explicit mention to the many

interdisciplinary scientists I have collaborated with in these various projects.
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CHAPTER

2

ELECTRON-HOLE LIQUID FORMATION

IN 2D-TMDCS

2.1 Introduction

2.1.1 Motivation

The electron-hole liquid (EHL) is an exotic, highly-excited phase of matter, which, like

most other macroscopic quantum phenomenon (Bose-Einstein condensates, super�uids,

superconductors, etc) is most commonly observed at extreme low temperatures. However,
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like its superconductive cousin, in recent years novel materials have pushed the limits of

under which conditions these exotic states might be observed. Transition-metal dichalco-

genide (TMDC) few-layer materials are a unique class of intrinsic semiconductors, where

the dimensionality of the material itself limits charge screening so effectively that exciton

binding energies can reach as much as half an electron-Volt. This unique property presents

many possible applications of so-called "2D-materials" including switchable transistors,

photodetectors, and even tunable optical gates [53]. However, in addition to these practical

bene�ts, 2D-TMDCs serve as an ideal candidate for the investigation of macroscopic quan-

tum phases of matter existing at room temperatures. If an EHL were to be realized at room

temperature in a 2D-TMDC, it could allow for practical study and device implementation

of EHL droplets, including optically and electronically tunable THz devices [7]. Note: The

following discussion and results are published in [99].

2.1.2 Background

Tunability of optical and electronic response is the primary property of semiconductors

that enables widespread utilization in various technological applications. Electrical conduc-

tivity, optical absorption, and emission are largely determined by the density of electrons

and holes that can be created using chemical or optical doping. Often, the Coulomb and

exchange interactions among these charge carriers can lead to bound exciton formation.

At high concentrations, excitons form a plasma and then condense into an electron-hole

liquid (EHL) state, which is a Coulomb-bound macroscopic phase of matter observable in

many 2D and 3D semiconductors [44,77]. However, unique conditions such as cryogenic

temperatures and speci�c electronic band structure are often required to form an EHL

state. In this section, I will describe the original theoretical description of the EHL phase,
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as well as previous experimental works performed at low temperatures. Then, I will present

some general context on the properties and characteristics of low-dimensional semicon-

ductor materials and their properties which are relevant to the formation of EHL at high

temperatures. Finally, I will brie�y outline the experimental work on these materials that

predates my own research, and forms the foundation of my investigation.

Theoretical Prediction of EHL

Our primary understanding of this phase relies on the early theoretical work of Keldysh,

who �rst predicted an EHL phase transition in semiconductors in 1968 [44]. These early

conceptions describe electron hole liquids as a metallic, degenerate Fermi liquid that exists

when the free-exciton picture of an excited breaks down in highly-excited semiconductors.

As early as 1976, we had developed a reasonable conception of the necessary conditions

for droplet nucleation that echoes that describing a classical water droplet. Using classical

nucleation rate equations and a simple free energy analysis, a simple phase diagram for

cryogenic droplets in materials like Germanium was proposed. A brief overview of this

classical free energy description of EHL formation goes as follows:

We begin by calculating the total Helmholtz free energy of an EHL drop by adding all

translational, rotational, and internal contributions:

f � = f t r ans
� + f r o t

� + f i n t
� (2.1)

where � f � is the total free energy and � is the number of electron-hole pairs. The trans-

lational and rotational contributions are de�ned by an ideal gas of rigid drops, and the

internal free energy contribution is as follows:
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f i n t
� = 4� r 2

0 �� 2=3 � �' (2.2)

where r0 is the Wigner-Seitz radius, � is the surface tension, and � ' is the difference in

condensation energy for an electron-hole pair versus a free exciton.

Additionally the chemical potential of an free-exciton (FE) gas can be written as:

� x = kT ln
•

n

Dx

‹
(2.3)

where k is the Boltzmann constant, T is temperature, n is the FE density, and Dx is the

effective density of states. To �nd the saturated FE density n s, we simply equate the FE

chemical potential and � ' to obtain:

� ' = kT ln
•

n s

Dx

‹
(2.4)

n s = Dx exp
�
�

'

kT

�
(2.5)

We can use equations 2.3 and 2.4 to de�ne a degree of supersaturation x as the change

in free energy when an electron-hole pair leaves the EHL drop to form a FE:

� x + ' = kT ln
•

n

n s

‹

� x kT

(2.6)

Therefore, to �nd the total free energy difference � f � of one free exciton becoming part

of an EHL droplet, simply combine 2.2 and 2.6 to �nd:
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� f � = f i n t
� � �� x

= 4� r 2
0 �� 2=3 � �

�
' + � x

�

= 4� r 2
0 �� 2=3 � x kT

(2.7)

From this, the essential nucleation process of an EHL drop can be easily understood.

If the surface tension (which is proportional to the surface energy) were to drop to zero,

then nucleation would always be favorable. However, in practice this is the threshold

to be overcome, and the threshold increases with increasing electron-hole pair number.

The degree of supersaturation will be negative for all densities less than the saturated FE

density, driving the overall energy difference positive. This con�rms our intuitive picture

that a high density of excitons is necessary for drop formation to even be possible. Even

above saturation density, the surface tension of the droplet must still be overcome before

nucleation will occur.

Finally, we must consider the time evolution of the EHL drop to complete our picture

of the free energy surface. We can de�ne a net rate of droplet growth while consisting of �

electron-hole pairs as J� , and form the following rate equations:

J� = c� � 1� n (� � 1)2=3 � c�

�
� � � 2=3

�
(2.8)

d c�

d t
= J� � J� +1 (2.9)

where c� is the classical equilibrium size distribution in drops per cm 3, � n � 2=3 is the rate of

FE collection and � � � 2=3 is the rate of FE evaporation. Note: We are investigating the special

case here where evaporation of FE is independent of (i.e. much much faster than) the EHL drop
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lifetime, and therefore neglect the volume decay rate contribution to J �

�
� 0 ! 1 , 1

� 0
! 0

�
.

In the case of dynamic equilibrium:

d c�

d t
= 0 (2.10)

J� = 0 (2.11)

c� � 1� n (� � 1)2=3 = c� � � � 2=3 (2.12)

We will return to this rate equation shortly. For now, we can refer back to 2.7 and consider

that the chemical potential is equivalent to the derivative of free energy with respect to the

species number, or similarly:

� f � = f i n t
� � �� x = f i n t

� �
d

d c�

�
c� f �

�
(2.13)

using 2.1...

� f � = f i n t
� � �� x = f i n t

� �
d

d c�

•
c�

�
f t r ans
� + f r o t

� + f i n t
�

� ‹
(2.14)

Noting that:

f t r ans
� = kT ln

•
c�

e D�

‹
(2.15)

Inserting 2.15 into 2.14 gives:

� f � = f i n t
� � f i n t

� � f r o t
� � c� kT

•
1

c�

‹
� kT ln

•
c�

e D�

‹
(2.16)
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which simpli�es to...

� f � = � f r o t
� � kT

•
1+ ln

•
c�

e D�

‹‹
(2.17)

Note that only f t r ans
� explicitly depends on c� . Rearranging...

�

�
� f � + f r o t

�

kT

�

= 1+ ln
•

c�

e D�

‹
(2.18)

exp

�
� � f �

kT
+

� f r o t
�

kT
� 1

�

=
c�

e D�
(2.19)

c� = D� exp
•

� � f �

kT

‹
exp

�
� f r o t

�

kT

�

(2.20)

Here we can de�ne a new effective density of states:

H � � D� exp

�
� f r o t

�

kT

�

(2.21)

So that c� is now given by:

c� = H � exp
•

� � f �

kT

‹
(2.22)

Now that we have constructed both a de�nition of, and rate equation for, the classi-

cal equilibrium size distribution c� , we can insert 2.22 into 2.12 to �nd the evaporation

coef�cient:

H � � 1 exp
•

� � f � � 1

kT

‹
� n (� � 1)2=3 = H � exp

•
� � f �

kT

‹
� � � 2=3 (2.23)

Rearranging:
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� � =
•

H � � 1

H �

‹
exp

•
� f � � � f � � 1

kT

‹ �
� n (� � 1)3=2

� 3=2

�

(2.24)

To proceed, let's assume that the number of electron-hole pairs � >> 1. That allows us

to simplify the expression and to Taylor expand the exponential term by (again) inserting

2.7:

� � =
•

H � � 1

H �

‹
� n exp

�
8� r 2

0 �

3� 1=3kT

�

(2.25)

Now that we have found the evaporation coef�cient, the goal is to create a new rate

equation analogous to 2.12, but including the droplet lifetime effects. Let us modify 2.8, still

assuming dynamic equilibrium (2.10 and2.11), this time including the volume decay rate:

J0
� = h � � 1� n (� � 1)2=3 � h �

•
� � � 2=3 +

�

� 0

‹
= 0 (2.26)

h � � 1� n (� � 1)2=3 = h �

•
� � � 2=3 +

�

� 0

‹
(2.27)

where h � is the lifetime-dependent EHD equilibrium size distribution. Dividing 2.27 by

2.12 yields:

h � � 1

c� � 1
=

h �

c�

�
� � � 2=3 + �

� 0

� � � 2=3

�

(2.28)

Rearrange and simplify to �nd:

h � =
c�

c� � 1

‚
1

1+ � 1=3

� � � 0

Œ

h � � 1 (2.29)

From just a few iterations of this recursive relation, an explicit form is easily found. To
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begin, we assume that as � approaches a single electron-hole pair, the "EHL drop" lifetime

must become in�nite, so that for � = 1, our EHL and FE picture both are identical. There,

we can take h1 = c1 as a lower boundary condition. Note: as with the rest of this formulation,

this is explicitly only true in the conception of free excitons directly joining an EHL drop one

at a time. In reality, it is often possible for multiple multiexciton complexes (MEC) to form

separately, and then slowly these MECs coagulate into a larger droplet [78]. Alternatively,

if conditions for FE ionization are met but conditions for EHL droplet nucleation are not,

an electron-hole plasma state can exist until number densities increase enough for droplet

nucleation to be favorable, or until the plasma is saturated and incompressible, even if no

true localized surface is formed [64].

h1 = c1 (2.30)

h2 = c2

‚
1

1+ 21=3

� 2� 0

Œ

(2.31)

h3 = c3

‚
1

1+ 21=3

� 2� 0

Œ‚
1

1+ 31=3

� 3� 0

Œ

(2.32)

Generalizing, while noting 1
x y = exp

�
� ln x � ln y

�
:

h � = c� exp

 

�
�X

j =2

�

1+
j 1=3

� j � 0

� !

(2.33)

Analogously to 2.22, we can write:

h � = c� exp

�
� f �

�

kT

�

(2.34)

15



Finally, by de�ning a new free energy  � which is the addition of the free energy differ-

ence � f � and the free energy contribution solely from lifetime effects f �
� , we can combine

2.22 and 2.33 to write:

h � = H � exp
•

�  �

kT

‹
(2.35)

This lifetime-corrected free energy difference  � is the key to understanding EHL droplet

nucleation. By considering  � as a free energy surface, parameter-space regions of metasta-

bility can be found which serve to explain how these droplets can be observed. To explicitly

show this point, and use 2.7 and 2.33 to write  � in terms of temperature, droplet size, and

degree of supersaturation:

 � = 4� r 2
0 �� 2=3 � x kT � + kT

�X

j =2

�

1+
j 1=3

� j � 0

�

(2.36)

Finally, we will geometrically de�ne a droplet volume based on the Wigner-Seitz radius

and number of electron-hole pairs, R3 = r 3
0 � , to write  R as a function of droplet radius:

 R � 4� R2� � x kT
•

R

r0

‹ 3

+ kT

€
R
r0

Š3

X

j =2

�

1+
j 1=3

� j � 0

�

(2.37)

Now we can plainly see the competition of multiple factors on the energetic stability of

the nucleated droplet. At small radii, the surface free energy term dominates. However, if

the degree of supersaturation is signi�cant, the second bulk free energy term dominates.

The radius at which the �rst and second terms equate gives a "critical radius" for the EHL

droplet, below which formation will not occur. The lifetime-related third term's effect only

becomes signi�cant at larger radii, but quickly diverges and makes any droplets larger than

a few microns energetically unfeasible. For example, in Germanium at 2K, the smallest
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degree of supersaturation that could ever counteract the surface tension would be x = 0.734,

which corresponds to a FE density 2.08 times that of saturation, just to achieve a neutral

energy difference for droplet nucleation. At x = 0.771, (2.16 times saturation density), the

stable droplet radius is 0.3 microns [97].

Note: As we have already applied to approximation that � >> 1, we will not be overly

concerned with the fact that  R is not continuous. Of course, in truth even at large droplet

sizes, the actual quantity of electron-hole pairs will be discrete .

Low-Temperature EHL Studies in Low-Dimensional Materials

Initially, experimental and theoretical studies on conventional semiconductors have been

performed mainly at cryogenic temperatures. These studies create a framework for predict-

ing EHL formation in new materials, due to the empirical relationship found between the

exciton binding energy and the critical temperature below which EHL forms [45, 70, 77].

Following the pattern set by cryogenic EHL formation temperatures, a hypothetical material

with an excitonic binding energy close to half an electron-Volt would also correspond to an

at or above room-temperature EHL critical temperature. In many semiconductors, exciton

binding energies are on the order of one to ten meV, and therefore are easily dissolved at

room temperature, making the high densities of excitons required for droplet nucleation

impossible.

However, recently emerging 2D materials have introduced a new paradigm for study-

ing such high-density phases of matter [77]. Due to low dimensionality, and therefore

inhibited screening, exciton binding in these materials is strong, making them good can-

didates to investigate the EHL phase at high temperatures [25,55,56,94]. These materials

exhibit exciton binding energies on the order of hundreds of meV, which are stable at room-

temperature. What has now been observed in multiple experimental studies (see section
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2.1.3) is that indeed, as per the empirical prediction, high densities of free excitons in these

low-dimensional materials may allow for appropriate exciton condensation conditions,

and EHL formation is observed.

2.1.3 Summary of Previous Experimental Studies

In the last few years, EHL has been experimentally con�rmed in suspended monolayer (1L)

MoS2 and other 2D dichalcogenide systems above room temperature [7,103]. These experi-

ments were further supported by the completion of a theoretical phase diagram for 1L-MoS 2,

which shows a possible transition to an EHL phase for carrier densities exceeding � 1012

cm � 2 [71]. EHL formation in MoS 2 is evidenced by the changes in the photoluminescence

(PL) spectra, which demonstrate abrupt intensity increase and spectral shift coincident

with reaching a certain excitation threshold. In our previous work, Raman experiments

combined with band structure calculations indicated that at these excitation densities, the

material undergoes a direct to indirect bandgap transition [14]. As such, this phase transi-

tion involves not only carriers in the direct K valley as seen in unstrained 1L-MoS 2, but also

carriers in the indirect � valley. Carrier densities in different valleys are therefore dependent

not only on laser �uence, but also on the evolution of the electronic band structure due to

thermal expansion. Now, by using Fermi liquid theory, DFT band structure calculations,

and Raman spectroscopy measurements, we have assembled a methodology for modeling

the PL of the EHL phase of 1L-MoS 2, and �t that model to experimental PL spectra taken at

many optical excitation levels.
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Figure 2.1: (a) PL measurements showing excitonic to EHL transition in suspended 1L-
MoS2 [14]. Increased �uence corresponds to increased strain and temperature, PL redshift
and peak intensity increase. (b) Calculated bandgap shifts due to sample strain (referenced
to K-VB). Inset shows �t of strain vs temperature based on Raman spectroscopy measure-
ments [14]. (c) Schematic of band structure evolution during lattice expansion. Dashed
lines indicate quasi-Fermi levels for electrons / holes. Shaded area shows the bandgap before
and after phase transition.
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Laser Heating Induced Strain

In order to determine the amount of strain and temperature increase, we performed Raman

spectroscopy measurements at multiple �uences [14]. We then calculated the corresponding

electronic band structure. While unstrained, 1L-MoS 2 is a direct gap semiconductor at the

K point [54,82]. As laser heating brings the sample to 410 K, the resulting 1.2% strain causes

the bandgap to become indirect [Figure 2.1(b, inset) ]. Therefore, during the phase transition

most of the excited holes reside in the � valley, as illustrated in Figure 2.1(c).

Photoluminescence Response

As stated, the primary evidence for EHL phase transition in suspended 1L-MoS 2 is the

evolution of the PL spectra with increasing �uence, shown in Figure 2.1(a) [14]. As incident

continuous wave (CW) laser �uence increases from 1 to 5 kW cm � 2 the spectra �rst redshifts

and decreases in amplitude. Then, at a threshold �uence with only a fraction of increase in

the excitation density, a 5-fold increase in PL peak intensity is observed. These changes in

the PL spectra are both due to photoexcitation-induced thermal expansion of the sample

as well as the phase transition of free excitons (FE) into EHL. To quantitatively explore this

phase transition, we developed a Fermi liquid theory model to predict the PL response of

suspended MoS2 monolayers under high excitation.

2.2 Methods

2.2.1 Optical Characterization

Optical characterization of these materials was carried out prior to my joining Gundogdu

quantum materials laboratory team in 2019, and included steady-state photoluminescence

20



(PL), Raman, and time-resolved photoluminescence (trPL) on suspended monolayer re-

gions of atomically thin MoS 2 samples. For my own re�ections on these methods as applied

to nano-scale point defect samples, please refer to 3.3.1. For a fully-detailed account of the

sample exfoliation, optical characterization, procedures, as well as additional emission

dynamics measurements outside of this scope, please refer to [5,14,102–104].

2.2.2 Photoluminescence Lineshape Analysis

Fermi Liquid Theory

The general form for the PL spectrum of EHL can be written as the convolution integral of

all occupied conduction and valence band states as follows:

I (h � ) = Aj� j2
Z h � 0

0

De(E)Dh (h � 0� E)d E , (2.38)

De,h (E) � ge,h � fe,h (E), (2.39)

where I (h � ) is the spectral intensity and De,h (E) is the distribution of carriers, given gener-

ally by the multiplication of the bare density of states ( ge,h ) and a Fermi-Dirac distribution

[ fe,h (E)]. Subscripts denote the charge species (electrons or holes) [64]. A is an overall scaling

factor and j� j2 is the matrix element of the quantum-mechanical transition for the direct

gap photon emission event, treated as a �t parameter (see discussion below).

Distribution of Carriers

For a 2D semiconductor, the bare density of states (DOS) is constant above / below the

bandgap:
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ge,h =
� m �

e,h

� ~h 2 , (2.40)

where � is the degeneracy of the band and m � is the corresponding effective mass. The upper

integration limit ( h � 0) is related to the measured photon energy ( h � ) by the summation

of all radiative �ux contributions [64]. In this model, we consider the optical bandgap

for unstrained 1L-MoS 2 (Eop t = 1.89eV), the FE binding energy ( Eb ind = 0.42eV)[68,105].

Also included are the thermal bandgap reduction ( � ET ) and the bandgap renormalization

energy (EBG R):

h � 0= h � � (Eop t + Eb ind � � ET � EBG R) (2.41)

� ET can be calculated by measuring relative shifts in the PL peak position as a function of

temperature while in the low-excitation regime. At these powers, the relationship is linear,

at 353 � eV/ K, reaching a maximum of � 70 meV [104]. At higher excitations, EHL effects

and bandgap renormalization effects dominate and temperature alone is no longer a good

predictor of PL peak position, but thermal bandgap reduction still must be included as a

radiative �ux contribution. EBG R is a correction to the energy bandgap resulting from high

charge carrier density, supplied as a �tting parameter [75]. Due to the large momentum

gap between the K and � valleys and the high concentration of direct K-K gap carriers,

we neglect any contribution from phonon-mediated recombination. The electron / hole

quasi-Fermi levels associated with a given PL intensity can be extracted from the sample

temperature and charge carrier density by integrating the bare DOS and the Fermi function

for electrons / holes:

n ,p =
� m �

e,h

� ~h 2 l og [eE e,h
f =kb T + 1] (2.42)
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Lorentzian Intraband Broadening

The general lineshape produced by equation 2.38 shows a high energy tail which closely

resembles experimental PL measurements, but also a low energy tail which abruptly cuts

off, failing to capture the nearly perfect exponential behavior experimentally observed [104].

This broadening in the lower energy tail is due to �nite lifetimes of the carriers within the

degenerate bands [11,84], i.e, vacancies in the electron / hole distribution can be �lled by

higher energy electrons / holes in the same band via inelastic collisions, transferring energy

and momentum to other particles. The result is a �nite lifetime of the �nal state of the

radiative transition [58,79]. Accordingly, the distribution of carriers for electrons and holes

are lifetime broadened, and can be modeled in the usual way with a Lorentzian convolution

in energy:

De,h (E) = ge,h

Z 1

0

fe,h (E 0)L e,h (E � E 0)d E 0, (2.43)

L e,h (E � E 0) =
1

2�

� e,h (E 0)

(E � E 0)2 +
�

1
2 � e,h (E 0)

�2 , (2.44)

� e,h (E 0) = � e,h (E 0� E e,h
f )2 + Ce,h , (2.45)

where fe,h (E) is the Fermi function for electrons / holes. Within Fermi liquid theory the

inelastic collision rate, and therefore the broadening parameter � e,h (E), has a quadratic

dependence on excitation energy [26]. Lifetime broadening was treated independently for

electrons and holes, with � e,h and Ce,h serving as �tting parameters for each charge species.

Figure 2.2 displays the broadened and unbroadened distribution of carriers for electrons

and holes corresponding to the highest experimental excitation level of 1L-MoS 2, based on
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Figure 2.2: Distribution of carriers for holes (left) and electrons (right) referenced from
� � V B and K � C B, respectively. Shown with and without Lorentzian convolution. Red
lines indicate quasi-Fermi levels after laser heating (T � 600 K). Note: bare DOS for 2D
semiconductors are not energy-dependent, so the unconvolved distribution of carriers for
electrons/ holes (dashed lines) have purely Fermi-Dirac lineshapes.
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the calculated quasi Fermi levels for each species. The energy scales for electrons / holes

are referenced to conduction band K valley (K-CB) and the valence band � valley (� -VB),

respectively. The broadened distribution of carriers (solid black line) exhibits a signi�cant

deviation from the unconvolved distribution of carriers (dashed blue line). Fermi function

weighting smooths the DOS away from the bandgap, but Lorentzian broadening smooths

the DOS toward the bandgap as well. While the distribution of holes is only slightly modi�ed,

a larger broadening effect is observed for the distribution of electrons. When both popula-

tions are convolved, this results in both a high and low energy tail in the modeled PL spectra.

The broadened distribution of carriers allows for some probability of optical transitions

below the renormalized energy gap, better representing the observed PL lineshape.

Quasi-Fermi Levels

Quasi-fermi levels were calculated as an intermediary step to compute the charge carrier

densities per valley (see Figure 2.3). This was done by formulating the total charge carrier

density as a product of the DOS and Fermi-Dirac distribution for each valley, as speci�ed

in the main text. The complete mathematical procedure is shown in depth below.

To begin we start with the DOS for a 2D semiconductor:

ge,h (E) =
� m �

e,h

� ~h 2 , (2.46)

where � is the degeneracy of the band and m � is the corresponding effective mass.

The charge carrier density is given by the multiplication and integration of the DOS and

the Fermi function for electrons / holes:

fe,h (E) =
1

1+ e(E � E e,h
f )=kb T

(2.47)
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n ,p =

Z 1

0

ge,h (E)fe,h (E)d E (2.48)

In the case of a 2D semiconductor, the constant density of states can be removed from

the integral, resulting in an analytical solution:

n ,p =
� m �

e,h

� ~h 2 l og [eE e,h
f =kb T + 1] (2.49)

We assume the total holes approximately equals the total electrons.

While the vast majority of conduction band carriers rest in the K valley, holes are split

between two valence band valleys. To include both the � and K valleys, we can write the

offset energy between the K and � valence band maxima as Eo f f , and rewrite equation 2.48:

p =
2m h

K

� ~h 2

Z 1

0

1

1+ e(E � Eh
f )=kb T

d E +
m h

�

� ~h 2

Z 1

Eo f f

1

1+ e(E � Eh
f )=kb T

d E (2.50)

p =
2m h

K

� ~h 2 l og [eEh
f =kb T + 1] +

m h
�

� ~h 2 l og [e(Eh
f + Eo f f )f =kb T + 1] (2.51)

Note: Eo f f can be implemented into the model as a function of strain (and therefore

temperature) by measuring the band maxima offset energy from the DFT band structure

calculations described in sections above. Also, we assume here that E h ,K
f = E h ,�

f .

Equation 2.51 cannot be analytically inverted. In order to calculate Ef from charge car-

rier density and temperature, an interpolation map was used. Based on the �t temperature,

the strain and therefore effective mass could be calculated. Then, the carrier distribution

integral was solved for a range of quasi-Fermi energies and charge carrier densities, allowing

Ef to be calculated for each �t.
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Figure 2.3: Quasi-Fermi levels for electrons and holes plotted against CW laser power
density.
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2.2.3 Computational Analysis

Nonlinear Fitting Parameters

It is possible to estimate the sample temperature by using the relationship between tem-

perature and sample strain. Alternatively, if the sample temperature can be supplied as a

�tting parameter, the corresponding band structure can now be computed via the sample

strain. In that case, the effective mass for each valley can also be calculated as a function

of strain, and therefore temperature. Combining these relationships allows the sample

temperature to be an effective input parameter to model the electronic behavior of the

system. For example, this allows the 2D semiconductor density of states (DOS) to be written

indirectly as a function of temperature.

Via these methods, the charge carrier density and temperature can be used as �tting

parameters from which the strain, effective masses, and band structure can be calculated to

predict the PL response over many �uences, and compare it to the experimental PL spectra.

Applying this method, we used a MATLAB non-linear least squares optimization script

using eight �tting parameters. Listed below are the inputs of the model �t:

Speci�ed Inputs:

• Effective masses of electrons/ holes for each valley as function of strain (calculated

using density functional theory (DFT), see next section)

• Valence band maxima offset between � and K valley (calculated using DFT)

• Thermal reduction of bandgap as function of temperature (experimentally measured

[104])

• Sample strain (lattice expansion) as a function of temperature (experimentally mea-

sured [14])

28



• Exciton binding energy (experimentally measured [105])

Fit Parameters:

• Overall scaling factor

• Charge carrier density

• Temperature

• Lorentzian broadening terms (1 quadratic, 1 constant for electrons and holes)

• Bandgap renormalization energy

Band Structure Calculation Methods

All electronic structure calculations were performed using density functional theory (DFT)

as implemented in the open source code QUANTUM ESPRESSO[34, 35]. We used plane

wave, fully relativistic pseudopotentials with nonlinear core-correction. The exchange-

correlation energy was described by the generalized gradient approximation (GGA), in the

scheme proposed by Perdew-Burke-Ernzerhof intended for solid state and surface systems

(PBEsol) [1, 65]. The cutoff energy used was 70 Ry. The Brillouin-zone (BZ) was sampled

for integrations according to the scheme proposed by Monkhorst-Pack [59] with a grid of

14x14x1 k-points. The out-of-plane lattice constant c was set at 25 Å in a slab geometry

to consider the monolayer system. The in-plane lattice parameter was determined by

minimization of the total energy for the monolayer and was found to be a =3.1492 Å. A

biaxial tensile strain was introduced by varying the in-plane lattice constant a. For each

strain / lattice expansion, the z-coordinate of the chalcogen atoms were optimized and

subsequently the electronic structure was calculated. The effective mass for charge carriers
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occupying different bands are extracted by evaluating the curvature of bands near the

respective conduction / valence band extrema through parabolic �ts.

Intraband Collision Broadening

For the model �t, we used the following energy-dependent forms for the Lorentzian broad-

ening parameter � :

� e(E 0) = � (E 0� E e
f )2 + C (2.52)

� h (E 0) = � (E 0� E h
f )2 + D (2.53)

Note: For simplicity in the main text, � (� ) was written as � e(h ). C (D) was also written as

Ce(h ). As the energy approaches Ef , the Lorentzian broadening reduces to zero (for T = 0).

The alpha and beta terms correspond to the (�rst order) quadratic energy dependence of

inelastic collisions in a general many-body system. Temperature is constant across each

spectra, therefore the effects of the quadratic temperature dependence, sample impurities,

and non-constant effective mass can be included together as a constant offset parameter

(C, D).

We also considered both a combined electron / hole form:

� e,h (E 0) = � (E 0� E e,h
f )2 + C, (2.54)

and a form that only included quadratic coef�cients (neglecting T > 0 effects):

� e(E 0) = � (E 0� E e
f )2 (2.55)
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� h (E 0) = � (E 0� E h
f )2 (2.56)

These alternative forms resulted in very similar model �t outputs.

Monte Carlo Error Estimation

To estimate the error of �t parameter outputs, we used a Monte Carlo error estimation

technique. After the �t parameters were obtained, and the predicted PL spectra produced,

multiple arti�cial data sets were generated and then re-�t using the same technique. The

histogram of �t parameter outputs was then used to generate an error bar for each �t

output.

To generate each arti�cial data set, we found the mean squared error (MSE) based on

the residuals between the �t and the experimental data. For each point in the experimental

data, a normal distribution was used (with the MSE serving as � ) to generate a set of offsets

to add to the original data, producing a new "jittered" data set. This was done 250 times

for each spectra (each �uence). Histograms of the �ts of these arti�cial data sets showed

reasonable unimodal distributions centered around the original �t value. Each histogram

was then �t with a Guassian curve to obtain the standard deviation of each �t parameter at

each �uence, which is the source of all error bars shown in the main text, as well as Figures

2.9 and 2.12.

2.2.4 Impact of Model Strain-Dependence on Fit Quality

To verify that that the impact of strain shown in DFT calculations and Raman analysis

matched to the observed PL, we performed a secondary analysis of the PL data where strain

effects were ignored, and compared the results to the strain-dependent case.
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Figure 2.4: Comparison of model �ts when strain effects are included (indirect gap) and
removed (direct gap).

Figure 2.5: Nonlinear �t residuals when strain effects are included normally, capturing the
bandgap transition to the indirect gap.
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Figure 2.6: Nonlinear �t residuals when strain effects are removed, only modeling the
direct gap state of the material.
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Clearly, the model performance is signi�cantly enhanced when the indirect gap band

structure (strain effects included) is applied, consistent with previous theoretical and

experimental precedent. Both models struggle to �t the high energy tail, possibly due to

limitations in our simplistic intraband transition broadening model. But on both the high

and low energy tails a better �t is produced with the approach described in the manuscript.

This direct-gap �t indicates hole densities of 2.64� 1013 cm � 2 for the K-band and 1.15� 1013

cm � 2 for the Gamma-band (at high excitation). For reference, our reported values from the

�t including the insights from the Raman data and DFT calculations were 4.98� 1012 cm � 2

for the K-band and 4.14 � 1013 cm � 2 for the Gamma-band.

2.3 Results

From this analysis, we calculate the densities of carriers hosted in the K and � valleys

during the EHL phase transition. These results show that as the material reaches the highest

possible excitation density, most of the holes reside in the � valley. Surprisingly, the small

population of holes in the direct K valley are responsible for the enhanced PL intensity. Also,

intraband transitions resulting from the degeneracy of the system were shown to lead to a

large spectral broadening of the electron / hole distribution of carriers, resulting in a broad

PL peak with a low-energy tail.

2.3.1 Photoluminescence Model Analysis

Constant Density Phase Saturation

By applying the appropriate energy convolution to the Lorentzian broadened distribution

of carriers for electrons / holes (equation 2.43), model PL outputs were produced and �t to
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Figure 2.7: (a) Waterfall plot of model �ts vs experimental spectra [14]. Fit shows good
agreement with PL data beyond �uences of 2 kW cm � 2. Fit of highest �uence spectra
calculated with (b) no intraband transition effects included, and (c) using distribution of
carriers convolved with a Lorentzian to account for broadening due to intraband transitions.

experimental PL spectra. The �tted curves are plotted over the raw data in Figure 2.7(a).

The EHL PL model produces a reasonable �t to the observed lineshape for the high �uence

regime where the system is in the EHL phase, and well models the transition in the PL peak

from approximately 2-3 kW cm � 2. The inclusion of the lifetime broadening effect discussed

above greatly improved the model �t [Figure 2.7(b,c)]. However, for low �uences (below

2 kW cm � 2), the system is largely excitonic and our developed PL model begins to break
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down. These �ts provide critical information about the electronic properties of 1L-MoS 2

during the EHL phase transition. Figure 2.8(a) shows total charge carrier saturation near

3.5 kW cm� 2, reaching a peak charge carrier density between 4.5 and 5 � 1013 cm � 2. This

agrees well with our previous estimates of the saturation carrier density at 4 � 1013 cm � 2

using the known relation between EBG R and carrier density [104]. At the same �uence as

the charge carrier density saturates, the temperature also appears to reach a maximum

[Figure 2.8(b)], in agreement with previous Raman spectroscopy measurements [14]. The

bandgap renormalization, dependent on the charge carrier density, also saturates around

the same �uence. This corresponds to the qualitative observation that the PL peak has a

constant redshift beyond �uences of 3.5 kW cm � 2, as shown in Figure 2.1(a). Above that

�uence, the charge carrier density is saturated, as expected for the EHL phase. As a result,

any further thermal bandgap reduction or bandgap renormalization is suppressed, and the

PL emission peak stabilizes.

Valley Charge Population Dynamics

Using the �tted charge carrier density and temperature the strain, energy offset between the

K and � valleys, and quasi-Fermi levels for electrons and holes can be calculated. Combining

these quantities allows the individual populations of charge carriers in each valley to be

found, as shown in Figure 2.8(a). For low �uences, when the bandgap is direct, holes exist

mostly in the K valley. However, as the direct to indirect bandgap transition occurs, the

hole population predominantly shifts to the � valley. At high �uences, the saturation charge

carrier density of the � and K valleys are 0.48 and 4.40 � 1013 cm � 2, respectively, a ratio of 9:1.

This �nding suggests that despite the increase in PL intensity, the phase transition visible

in the PL lineshape coincides with the migration of holes from the direct to the indirect

gap, as the sample is moving from the excitonic to EHL phase.
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Photoluminescence Amplitude

Additionally, we are able to investigate the observed increase in PL intensity in the EHL

phase. In the model for predicting PL response (equation 2.38) the overall PL emission

amplitude is determined by the prefactor Aj� j2, which contains both the magnitude of the

transition dipole moment ( � ) for the direct bands and the relative density of electron hole

pairs contributing to radiative and non-radiative recombination processes. The transition

dipole moment can be approximated as independent of both energy and excitation level [26].

However, by allowing Aj� j2 to vary as a �t parameter over many �uences, we measure an

approximately 4-fold increase. This is not simply a product of increasing charge carrier

density; variation in the temperature and carrier concentration only account for � 20%

of the PL emission increase seen in Figure 2.1(a). Additionally, the density of direct-gap

(K-K) carriers decreases nearly 6-fold during the EHL transition. Noting that only direct gap

carriers signi�cantly contribute to radiative recombination, it is relevant to consider the PL

intensity per unit of direct-gap carrier density, which serves as a normalized measurement

of the PL ef�ciency of each radiative recombination event. Considering the 4-fold increase

in PL amplitude while direct-gap carrier density decreases 6-fold, the resulting PL intensity

per unit of carrier density has a greater than 23-fold increase, indicating a massive change

in the radiative decay dynamics of the EHL phase as compared to the excitonic regime

[Figure 2.8(c)].

37



Figure 2.8: (a) Hole charge carrier density per valley ( nh ), (b) calculated temperature and
(c) PL intensity front factor plotted against CW laser power density. Saturation occurs at
roughly 3.5 kW cm � 2, beyond which the system maintains a constant density EHL phase.
Error bars indicate 2 � calculated via Monte Carlo error estimation techniques.

Intraband Collision Broadening

The model also provides insight into intraband scattering kinetics. The inclusion of Lorentzian

broadening due to intraband transitions of charge carriers clearly improves the model �t,
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as shown in Figure 2.7(b,c), which compares the model �t with and without intraband

scattering effects considered. With the Lorentzian convolution to the DOS, both the high

and low energy tails match well to the observed PL. This indicates that a major contribution

to the PL lineshape is from transitions of charges within the band �lling vacancies left by

other interband transitions. This intraband scattering can be characterized by the inverse

of the Lorentzian broadening parameter used to �t them, which is on the order of the

intraband lifetime, � � ~h =� . At saturation, the intraband lifetimes for electrons and holes

are calculated to be roughly on the order of 10 fs.

The Lorentzian broadening coef�cients include two quadratic terms ( � , � ) and two

constant offsets ( C,D ) for electrons and holes, respectively. Their values per �uence are

reported in Figure 2.9.

These coef�cients can also be used to estimate the intraband relaxation time (intraband

scattering lifetime) for electrons and holes. Note that multiple different models for the

Lorentzian broadening can be used to effectively �t the data (see Alternative Lorentzian

Broadening Expressions), and although independent broadening coef�cients were included

for electrons and holes, the broadening was not valley-speci�c. Hence we suggest that

the intraband relaxation times calculated are best interpreted as an order of magnitude

estimate. For all excitation levels, electrons showed 4-6 fs relaxation times. Holes varied

much more between �uences, ranging from 65 to 190 fs at high excitation.
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Figure 2.9: Lorentzian broadening coef�cients ( � (a) and C (c): electrons, � (b) and D (d):
holes) plotted against CW laser power density. Error bars indicate 2 � calculated via Monte
Carlo error estimation techniques.
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Bandgap Renormalization and Charge Carrier Density

Bandgap renormalization results from high carrier populations in an excited sample. For

our model, we chose to let charge carrier density and EBG R be independent �t parameters,

however a functional relationship between these two quantities is commonly used [75].

The bandgap renormalization energy can be related to the charge carrier density by the

relation in equation 2.57:

EBG R = � C(na 2
b )1=3Eb ind , (2.57)

where C is a semi-empirical front factor (3.1), n is the charge carrier density, ab is the

exciton Bohr radius (0.65nm), and Eb ind is the exciton binding energy (0.42eV) [75,105].

Figure 2.10 displays how our model �ts compare to the theoretical relationship.

In good agreement with previous experimental work [104], we �nd the bandgap nor-

malization to be quite close to the empirically predicted value based on the charge carrier

density. At saturation, we measure EBG R � 0.7 eV, which is quite close to the predicted value

of 0.77 eV for 4.5� 1013 kW cm � 2.

As this relationship is derived from comparison of different EHL systems, and is not valid

for excitonic systems, we do not expect the values of charge carrier density and bandgap

renormalization to perfectly follow this curve through the EHL transition. Also, the 3.1

front factor cited by [75] corresponds to a T = 0 system with equal effective masses for

electrons and holes, which is only an approximation to this EHL system. Considering this,

our bandgap renormalization results are well within the predicted regime for T > 0 and n >

1013 kW cm � 2 charge carrier densities.
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Figure 2.10: Comparing predicted relationship of charge carrier density and bandgap
renormalization against �t results. Predicted curves are given by equation 2.57 for three
different values of the constant C : 3.1, 2.8 and 2.5.

Transition Dipole Moment

In the main text it is argued that the transition dipole moment ( � ) is approximately constant.

However, due to the dependence of � on the periodic crystal potential, � cannot be guaran-

teed to be constant through the EHL phase transition. In order to treat the electrons and

holes of the EHL phase as “free particles” with effective masses, it is necessary to include

effects from neighboring particles and defect sites as part of the periodic crystal potential.

These effects are not necessary to include when discussing free excitons. Under certain

circumstances, these changes to the periodic crystal potential can result in an “enhance-

ment factor” which may increase the transition dipole moment, however more theoretical

investigation is necessary to identify if this enhancement factor plays a role for suspended

1L-MoS2 systems [47,64].
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Model Breakdown

Figure 2.11: Waterfall plot of model �ts vs experimental spectra.

The Fermi liquid theory model that forms the basis of this analysis is built to describe

a degenerate plasma. However, we know that as 1L-MoS 2 undergoes direct-indirect band

gap transition, the free exciton gas becomes a condensed electron hole plasma, then EHL.

Only in the plasma / liquid state can the system be considered degenerate, so we cannot

expect this model to perfectly capture the PL emission in the entire transition from a free
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exciton to an EHL state.

By looking a PL spectra taken at lower �uences (below 2 kW cm � 2), there are signs the

model is not as strong. One indicator is the �t of the model itself, which can be clearly seen

to deviate from the measured PL around 1.5 kW cm � 2 as shown in Figure 2.11

With residual analysis, the discrepancy between the PL data and the model �ts begins

closer to 2 kW cm � 2. However, the residuals cannot reasonably be assumed to show no

systematic error even for higher �uences due to approximations of the model (consideration

of only two valleys, lack of Auger processes, no accounting for multiple scattering, etc).

Therefore it is also bene�cial to look at the Monte Carlo error analysis to see if where the

error on �t parameter outputs begins to diverge.

Figure 2.12: Lorentzian broadening coef�cient � (quadratic coeff, electrons) vs �uence.

As shown in Figure 2.12, between 2 and 2.5 kW cm � 2, there is a signi�cant increase in the

error estimate for the quadratic electron Lorentzian broadening coef�cient, indicating a

breakdown in the effectiveness of the Lorentzian broadening of the distribution of carriers
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while the system is still largely a non-degenerate free exciton gas. Other parameters also

show this same increase in error at low �uences.

From both the residual analysis and error analysis we can conclude that the model is

effective above �uences of 2 kW cm � 2 for the EHP / EHL phase, with diminishing effective-

ness at predicting experimental PL results for the excitonic regime seen at lower excitation

levels.

2.4 Conclusions

2.4.1 Summary of Results

In summary, we have presented a theoretical analysis of the PL spectral lineshape of sus-

pended 1L-MoS 2 as it undergoes EHL phase transition. Our results provide signi�cant

information regarding valley-speci�c carrier dynamics that help to quantitatively assess

the changes in the optical characteristics of the material as it reaches the high density EHL

phase. Strikingly, while most holes are in the � valley, the PL ef�ciency of direct-gap (K-K)

carriers increased 23-fold. There are two possible explanations: either radiative processes

are increasing in ef�ciency, or nonradiative decay paths are being inhibited. It is unlikely

that the 4-fold increase in PL amplitude can be attributed solely to changes in the transition

matrix element, however suppression of nonradiative decay paths has been shown to signi�-

cantly increase PL quantum yield [73]. This is expected, as nonradiative processes (primarily

defect assisted recombination, Auger recombination, and exciton-exciton annihilation)

account for a majority of recombination events in 1L-MoS 2 [50,86,106]. Furthermore, it

has been shown in previous studies that treatment of defects with molecular dopants can

increase the PL ef�ciency of MoS 2 signi�cantly [4,6]. It is possible that the EHL phase tran-
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sition provides suf�cient carrier concentrations to �ll defect sites, thereby increasing the

recombination ef�ciency of direct gap carriers. Additionally, in many EHL systems, there is

an enhancement of Auger processes that suppresses radiative recombination. However,

for highly degenerate systems, conservation rules negate any �rst order Auger processes,

and higher order processes like phonon-assisted Auger recombination dominate [41]. We

conclude that the observed 23-fold increase in the radiative recombination ef�ciency in

the EHL phase is most likely due to suppression of defect-assisted recombination as well as

�rst and higher order Auger processes.

2.4.2 Future Work

Another open question is the precise nature of the evolution between the excitonic and

EHL regime. To perform this PL experiment, sample heating and optical excitation both

were supplied by a single CW laser. Therefore, the two variables cannot be decoupled. A

traditional description of EHL condensation depicts free excitons slowly forming into larger

multiexciton condensates until electron-hole droplet nucleation and growth begins [39].

However, in this experiment exciton ionization and condensation processes are occurring

simultaneously. It was predicted by Rustagi et al. [71] that the phase boundary between

pure EHL, and EHL coexistent with FE gas, lies at carrier densities � 1013 cm � 2, but that

the carrier density threshold decreases by several orders of magnitude as the temperature

increases above room temperature, up to the theoretical critical temperature of 515 K [71].

For these systems, increasing charge carrier density promotes the nucleation of EHL, and

increasing temperature promotes the ionization of FE and the formation of EHP (electron-

hole plasma). As laser power increases, it may be a combination of heat, carrier density,

and the bandgap transition that collectively allow the EHL phase to occur.
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These are just a few of the potential theoretical applications of our numerical results

quantifying the carrier densities in each valley throughout the EHL transition. Modeling

this transition with Fermi liquid theory and DFT band structure calculations produces

results that agree with previous experimental measurements and align well with the phase

transition regime predicted by theoretical phase diagrams for 2D MoS 2. The incorporation

of Lorentzian lifetime broadening due to intraband scattering for the degenerate system

serves to well capture both the low and high energy side of the unique PL lineshape observed

experimentally. However, the low-excitation non-degenerate excitonic phase of 1L-MoS 2

is not well described by these methods. The appearance of room temperature EHL states

presents new and exciting opportunities for the use of 2D materials in high carrier density

devices, or as a practical testbed for the dynamics of non-equilibrium steady states. This

investigation deepens our understanding of the critical role of both interband and intraband

charge dynamics in the formation of room temperature EHL phases, as well as their optical

tunability.
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CHAPTER

3

SINGLE PHOTON EMISSION IN

WIDE-BANDGAP SEMICONDUCTORS

3.1 Introduction

3.1.1 A Classical Analogy

On its face, the study of "single photons" might seem a bit contrived. Perhaps an intro-

ductory Physics student might even wonder if all light could be considered "single photon

emission", if every photon can be considered a particle or a wave. Of course, light can
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always be quantized as individual photons. However, in practice the statistical makeup

of those individual photons can vary greatly. Whether you are reading this dissertation

electronically via a screen, or on physical paper via the light of a lamp, the actual photons

reaching your eyes at this very moment are "chaotic" or rather, represented by a super-

poissonian distribution of photons. Confusingly, this has no relation to the raw number of

photons, or intensity of the light in question.

For an illustration of this phenomenon, let's imagine a large bag of identical marbles. I

take the bag to random people on a city street and ask them to grab 100 marbles and hand

them to me. Then, I count how many they actually removed from the bag. Although some

grab too few and some grab too many, the mean number of marbles is indeed near 100. I

will plot a histogram of people's attempts in blue in Figure 3.1.

Next, I take the bag of marbles to an of�ce of accountants and repeat my experiment.

Naturally, the accountants are more scrupulous than the average person, and most count

the marbles individually. There are still errors, but more often the count is exactly 100, or

only a few marbles off. I add these results to my histogram in red.

Finally, I bring the marbles to a group of children, and give them the same instructions.

As expected, the results vary wildly, with some counting only a few marbles, other dumping

out the entire bag, and giving a few handfuls. Interestingly, the mean of their guesses is

also 100 marbles, however the range of guesses is much larger. I add their attempts to the

histogram in black.

Looking at the resulting histogram, the results are very clear. The mean number of

marbles is the same for all three groups, however the variance is different. For the random

pedestrians on the street, the mean and variance are equal, which de�nes a Poissonian

distribution of marbles. For the accountants, who achieved the same level of accuracy but

increased precision, the distribution of marbles is "sub-Poissonian". And for the children,
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Figure 3.1: Histogram of marble counting results. Match one results are shown in blue,
match two results are dashed black, and match three results are in red. The distributions
are labelled in the corresponding color to each match type.

their wildly varying attempts represent a "super-poissonian" distribution.

What is easy to understand when discussing marbles, but less intuitive for photons,

is that light itself also has a statistical distribution. When we observe the distribution of

marbles chosen by accountants, we might say their attempts are "less random" than those

chosen by children. So how random is light? Well it turns out the distribution of light is

more similar to the pedestrians or the children in most normal circumstances, whereas the

light we require for quantum devices is more akin to the distribution of the accountants.

When we are choosing photons for use in a quantum photonics device, especially for use

as optical qubits, it is necessary that each division of time in my system corresponds to

the arrival of one and only one photon. Put another way, for each 100 cycles of my system,
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I prefer not only a mean of 100 photons to have coupled into my device, but as I count

cycle after cycle, the variance of the distribution of photon arrivals should ideally be zero.

In summary, "single photons" is not a literal number of photons, but rather a statistically

sub-Poissonian distribution of photon particles.

In section 3.2, we will quantify this discussion with a mathematical description of light

coherence, however before that, I emphasize some of the important applications of single

photons in optical devices.

3.1.2 Motivation

Now that we have some sense of what is meant by single photons, why do we care about

single photons? As it so happens, these individual photons can be created, entangled,

manipulated, and measured to record and process information in a wide variety of quantum

device applications. I will highlight a few key examples below:

• Quantum Key Distribution . Single photons are used in Quantum Key Distribution

(QKD), a high-level secure form of decryption key delivery. Ef�cient, long-range

transmission of quantum states with optical signals could even allow ground-to-

satellite or satellite-satellite QKD telecommunication [30].

• Quantum Repeaters . Single photons are an essential component of scalable quantum

networks. Bell-state measurements conducted with single photon states can achieve

"entanglement teleportation", which effectively allows quantum signals to be re-

ampli�ed and transmitted further, similar to a classical electrical repeater [9].

• High-Precision Optical Measurements . Any thermal or coherent source (e.g. lasers,

LEDs, etc) inherently produce shot noise. Single photon sources, which are sub-
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poissonian, eliminate the source of shot noise and therefore allow the detection of

extremely weak signals.

• Quantum Computing . Single photon sources can provide on-demand optical qubits,

a building block of optical quantum computing systems. Instead of high and low

voltage signals representing binary states, as in a classical digital electronic signal,

left / right circular polarization, (or equivalently, horizontal / vertical polarization) of

individual photons could be used to encode their binary states, as well as form entan-

gled states with other qubits.

• Random Number Generation . Single photons, passed through a two-mode sampling

scheme such as a beamsplitter and two detectors, can provide a truly random source

of binary values, allowing the extraction of truly random numbers with high ef�ciency

[24].

In principle, each of these devices could be operable using other technologies. However,

for practical deployment of these devices, we will need components that are (a) room-

temperature stable, (b) modular and interoperable, (c) low-attenuation over long distances,

and (d) scalable over many orders of magnitude (note that a typical laptop using classical

electronics contains many billions of transistors!). Immediately, it is obvious how the use of

free-space optical telecommunications and photonic circuits solves many of these major

challenges. A high repetition-rate single optical source could generate thousands to millions

of single photons every second, for use in data transmission, quantum metrology mea-

surements, or qubit manipulation. Cryogenic conditions would not be required to prevent

dephasing, and robust infrastructure already exists for the transmission and detection of

high-quality, low-attenuation infrared optical signals. Put simply, single photons are the

natural building blocks of scalable quantum networks.
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3.1.3 Primary Objectives

Hopefully by this point I have convinced you that single photon emission is a sensible and

important phenomenon, and now you are curious what I speci�cally aim to investigate.

The core motivation of our study into SPE materials is the room-temperature single photon

emission properties of Aluminum Nitride. This wide-bandgap semiconductor ( 6.2 eV) can

play host to multiple defect species within the gap. The large bandgap allows for defect

sites to be easily excited with 532nm CW excitation, while avoid any meaningful excitation

of the bandgap (on-resonance excitation would require 200nm UV light). Single photon

emission in these materials has been identi�ed by a few research teams so far, although in

somewhat contradictory circumstances. There are some likely candidates for defect species

in AlN, such as N AlNON, however there has been signi�cant variation in PL emission from

individual defect sites. As of writing, no broad consensus as to the origin of intrinsic or

fabricated SPE sources in AlN [96], [18], [101]. In collaboration with the North Carolina

State University Department of Materials Science& Engineering, we studied the room-

temperature single photon emission properties of Ti-implanted AlN (AlN:Ti) samples for

the purpose of providing SPE sources for quantum photonics applications.

To achieve this goal, a series of experimental phases were identi�ed, which will be

outlined below. These stages will form the structure of our results section. It was deter-

mined that in order to develop the necessary capabilities for performing solid-state, room-

temperature quantum optics experiments, a series of preliminary experiments would need

to be performed. We identi�ed nitrogen vacancy color centers in nanodiamond crystals

as a sensible test system for this development process, due to their well-documented

room-temperature SPE performance, as well as their commercial availability.

1. Phase I: Basic Optical Characterization In this phase we sought to develop the 100X
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visible-imaging capability used to identify relevant sample regions. We also would

construct the steady-state and time-resolved photoluminescence (PL) measurement

apparatus used to verify the optical characteristics of SPE sources, and to distinguish

contaminant emission from other sources.

2. Phase II: Confocal PL Mapping The next phase was to be the construction, optimiza-

tion, and programming of a home-built laser confocal piezo-scanning microscopy

station, for identi�cation and isolation of solid-state SPE sites in AlN and our test

materials.

3. Phase III: Hanbury-Brown Twiss Spectroscopy Following that, the HBT system would

be constructed, tested, and optimized to reduce noise and increase stability.

4. Phase IV: SPE Characterization of NV 0, NV- Color Centers in Nanodiamonds This

phase was intended to fully test the capability of the apparatus to ensure the entire

process of sample preparation, bulk characterization, microscopic isolation, HBT

measurement, and analysis could be performed on a sample with known characteris-

tics

5. Phase V: SPE Characterisation of Intrinsic & Ti-implanted AlN Emission The �nal

core phase was the use of the newly built and tested optical apparatus to perform

room-temperature measurements of various AlN samples to identify intrinsic and

Ti-implanation-related SPE sites in a variety of AlN compositions

6. Phase 6: Complementary Motivations Additionally, with a completed apparatus now

functioning, we aspired to perform additional nano-scale, time-resolved PL and HBT

measurements of hybrid perovskites, atomically-thin TMDCs, InGaAsP shifted-core

nanoLEDs, and van der Waals GeS nanowires. These additional applications served as
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additional justi�cation for the time, resources and effort dedicated to the development

of novel quantum optics capabilities for the Gundogdu Quantum Materials laboratory.

3.2 Background

In the following sections, I will attempt to provide an introduction to the mathematical

representation of light in various different common conditions. The key tool we will use

to classify and describe these categories of light will be the second order correlation func-

tion, or g (2)(� ). The single most important reason for this choice is that the second-order

correlation function can be measured, if indirectly, through the use of a relatively simple

two-detector photon counting scheme called a Hanbury-Brown-Twiss spectrometer (see

section 3.3.1). The following section attempts to touch on the most crucial aspects of the

semi-classical and fully quantum approaches to electric radiation �eld correlations. If you

are content, however, to simply assume that the values produced by these measurements

relate to different statistical properties of light, you may skip to section 3.2.2.

3.2.1 The Formalism of Light Coherence

Now that we have introduced the notion of poissonian and sub / super-poissonian statistical

distributions, we can speak more directly about the statistics of light. Parallel to the discus-

sion of the statistical distribution of light, we can mathematically describe the coherence of

light. The �rst step is to describe the �rst-order correlation function of a single electric �eld,

measured at two different points in space-time. Typically this is achieved by using one or

more beamsplitters and moving mirrors / delay stages for variable optical path length, as in

a typical Michelson or Mach-Zehnder interferometer (see Figures 3.2 and 3.3).

Anyone who has performed this experiment in an introductory physics lab is well
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Figure 3.2: Schematic of a Michelson-type interferometer [76].

aware that a single coherent source (a collimated laser, for example), after passing through

such a system, will show a visible interference pattern after both portions of the light

are recombined. As the time delay between both portions increases, the visibility of this

interference will diminish. Alternatively, if an incoherent source, such as an incandescent

bulb, is passed through the apparatus, no interference fringes will be visible. Quite literally,

we are measuring the amplitude of the �rst-order correlation function, given by:

g (1)(r 1, t 1; r 2, t 2) =
hE (� )(r 1, t 1)E (+)(r 2, t 2)i

p
hE (� )(r 1, t 1)E (+)(r 1, t 1)ihE (� )(r 2, t 2)E (+)(r 2, t 2)i

(3.1)

Expressed in this most general way, we do not assume whether we are dealing with

semi-classical or fully-quantized electric �eld operators, nor do we make any assumptions

about how we are separating our input electric �eld into two modes. However, if we assume:

• a semi-classical plane-wave approach, which simpli�es the positive and negative
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Figure 3.3: Schematic of a Mach-Zehnder-type interferometer [76].

frequency components to simple complex conjugation

• a path length difference along the optic axis expressible as a time delay: � � t 2 � t 1

• and noting that the complex conjugation of the denominator will make the two

multiplied terms equivalent

we can then highly simplify the �rst-order correlation function to this more familiar

expression:

g (1)(t , � ) =
hE � (t )E(t + � )i

hjE(t )j2i
(3.2)

As a practical matter, for continuous-wave sources or "stationary-state" solutions, the

57



expectation value indicated by these brackets is simply a time average. For pulsed excitation

or similar conditions, we instead perform a statistical ensemble average. For this reason, it

is customary for g (1)(t , � ) to be written simply as g (1)(� ).

In this form the meaning of the �rst-order correlation function is quite intuitive, where

we simply evaluate and normalize the expectation value of multiplying the �eld at one

time with the same �eld at another time. For a perfectly coherent �eld at zero time delay,

we would expect this value to simply be g (1)(0) = 1, however for increasing time delays or

increasingly incoherent �elds, the value should drop toward g (1)(� ) = 0.

Now that we have established the mathematical description of �rst-order coherence,

we can discuss the statistical distribution of light: the second-order coherence. Written in a

generalized form, it is expressed as follows:

g (2)(r 1, t 1; r 2, t 2) =
hE (� )(r 1, t 1)E (� )(r 2, t 2)E (+)(r 2, t 2)E (+)(r 1, t 1)i

hE (� )(r 1, t 1)E (+)(r 1, t 1)ihE (� )(r 2, t 2)E (+)(r 2, t 2)i
(3.3)

Once again, to begin gaining insight into the meaning of this general form, it is useful to

apply some assumptions. Let's begin by making the same semi-classical and experimental

approximations we used for 3.2.

g (2)(� ) =
hE � (t )E � (t + � )E(t + � )E(t )i

hjE(t )j2ihjE(t + � )j2i
(3.4)

Noting that the square of the electric �eld is proportional to intensity, we can rewrite the

expression into it's most commonly known form:

g (2)(� ) =
hI (t )I (t + � )i

hI (t )i 2
(3.5)

which is almost perfectly analogous to 3.2, substituting �elds for intensities. In fact, it can
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be easily shown that in the semi-classical approximation, 3.2 and 3.5 can be easily related:

g (2)(� ) = 1+ jg (1)(� )j2 (3.6)

meaning that for coherent and chaotic light, the �rst-order correlation can be determined

from the second-order correlation function, and vice-versa. This turns out to be quite

useful, as it is reasonably straightforward to measure g (2)(� ) through Hanbury-Brown Twiss

(HBT) interferometry, as discussed below.

Number States in the Fock Basis

Of particular interest to those studying single photon emission is a particular set of approx-

imations we can apply to 3.3. Instead of taking the semi-classical approach, let us instead

second-quantization to represent the electric �eld in terms of the creation and annihilation

operators:

E (+)(r ) = i

v
t ~h !

2� 0V

X

k

ek âke i k�r (3.7)

E (� )(r ) = � i

v
t ~h !

2� 0V

X

k

ek
� â †

k e � i k�r (3.8)

where ek is the electric �eld polarization vector, and k is the photon mode wavevector. By

using 3.7 and 3.8, we can reconstruct 3.3 using creation and annihilation operators, instead

of electric �eld operators:

a †
n jn i =

p
n + 1jn + 1i (3.9)
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an jn i =
p

n jn � 1i (3.10)

g (2)(� ) =
hâ †(t )â †(t + � )â (t + � )â (t )i

hâ †(t )â (t )i 2
(3.11)

While in practice, we can almost never assume we have a state purely constructed

of single photons (due to the presence of background coherent and chaotic light), for

simplicity we will assume purely quantized emission from a single mode quantum source

corresponding to a single wavevector k. Additionally, we will assume t = � = 0 (no time

delay). This allows us to use the number operator n̂ to further rewrite 3.11:

n̂ = â †â (3.12)

g (2)(0) =
hn jâ †(0)â †(0)â (0)â0jn i

hn jâ †(0)â (0)jn i 2
(3.13)

g (2)(0) =
hn jâ †n̂ â jn i

hn jn̂ jn i 2
(3.14)

Noting also:

n̂ jn i = n jn i (3.15)

where n is the discrete photon number corresponding to state jn i [51,93]. Continuing:

g (2)(0) =
hn � 1j

p
n n̂

p
n jn � 1i

n 2hn jn i 2
(3.16)
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g (2)(0) =
n hn � 1jn̂ jn � 1i

n 2
(3.17)

g (2)(0) =
n (n � 1)

n 2
= 1 �

1

n
(3.18)

This equation 3.18, is the reason why the second-order correlation function, Hanbury-

Brown Twiss spectroscopy, and single photon sources are so deeply intertwined. In this

special case of single photon states, the second-order correlation function can be directly

related to photon number. More precisely, the second-order correlation function at zero

time delay, or g (2)(0), can be understood as the multi-photon probability . For example, here

is a table of possible values for g (2)(0) when measuring particular jn i states:

Table 3.1: Zero-Delay Second-Order Correlation Function Evaluated for Various Photon
Number.

n g (2)(0)
0 0�

1 0
2 0.5
3 0.66
10 0.9
100 0.99

As shown, as the photon number increases, the value asymptotically approaches g (2)(0) =

1, the result for coherent classical �elds. In summary, a g (2)(0) value greater than one in-

dicates the presence of chaotic or thermal emission, whereas a g (2)(0) value below one

indicates the presence of few-photon quantized emission, with classical, coherent �elds
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such as laser emission always showing g (2)(0) = 1. For reference, I have included an illustra-

tion from Loudon's Quantum Theory of Light (Figure 3.4).

Figure 3.4: Comparison of Second-Order Correlation Measurements for Various Statistical
Compositions of Light. Horizontal axis applies only to number states, as chaotic / coherent
light can only be represented as a superposition (not a �nite number) of single-photon
states (adapted from [51]).

Of course, there are some additional details to consider: �rstly it is possible (albeit

exotic) to classically achieve g (2)(0) = 0.5 through multiple interference, so it is generally

accepted that a measurement of g (2)(0) < 0.5 is a threshold for single photon emission.

Additional discussion on the formation of coherent states from single photons, as well as

multi-modal corrections to our g (2)(� ), will follow in the sections below.

Coherent States in the Fock Basis

Before proceeding, we ought to connect our quantized formalism of the electromagnetic

radiation �eld back to our semi-classical formalism of coherent �elds in 3.5. The easiest way

to "come full circle", is to examine the composition of so-called "coherent states" in the Fock
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basis. Although we are using differently mathematical systems to examine coherent, chaotic,

and quantized light, this is purely for the bene�t of the human physicist performing the

calculations. In reality, as with electromagnetism more broadly, semi-classical approaches

are only approximations, but the quantized approach should be able to fully recreate the

results we observe in the semi-classical limit.

Let's suppose we wanted to �nd what superposition of single photon jn i states is re-

quired in order to recreate our semi-classical coherent state, as would be generated by a

single-made laser. First, we can de�ne our superposition state using the following notation:

j� i = e � j� j2

2

1X

n =0

� n

p
n !

jn i (3.19)

where � can be any complex number, noting both that j� i is normalized and also does not

form an orthonormal basis (which is expected, as we are de�ning j� i from jn i states, yet

clearly there are more possible j� i states.

Now, how can we be sure we have constructed our coherent state correctly? Well, one

interesting test is to examine the result of the annihilation operator acting on our new j� i

state:

â j� i = e � j� j2

2

1X

n =0

� n

p
n !

p
n jn � 1i (3.20)

Note that:

n

n !
=

1

(n � 1)!
(3.21)

â j� i = e � j� j2

2

1X

n =1

�� n � 1

p
(n � 1)!

jn � 1i (3.22)
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Noting that j0i is the vacuum state,

â j0i = 0 (3.23)

therefore the summation need not include n = 0. If we de�ne m � n � 1, we can rewrite

3.22 as:

â j� i = �

�

e � j� j2

2

1X

m =0

� m

p
(m )!

jm i

�

= � j� i (3.24)

As demonstrated above, the coherent state 3.19 is the eigenstate of the annihilation

operator. Mathematically, this is somewhat plausible, as the summation to in�nity means

another state is always available to "take the place" of the jn i state being destroyed. However,

taken physically, this means that the measurement of any single photon comprising the

state leaves the state utterly unchanged. Put another way, the measurement of a single

photon gives absolutely no information about the probability of detection of the subsequent

photon, positively or negatively. This statistical independence of each photon event is the

de�nition of coherent light.

Another consequence of this coherent state should be that for large photon number,

the variation in photon number should decrease toward zero, asymptotically approaching

the �xed intensity I0 of a classical oscillating plane wave. If we calculate the photon number

variance (� n )2 of our coherent state j� i by using 3.24:

hn i = h� jn̂ j� i = h� jâ †â j� i = j� j2 (3.25)

and �nally noting the commutation relation of creation and annihilation operators:

64



[â , â †] = â â † � â †â = 1 (3.26)

hn 2i = h� jn̂ 2j� i = h� jâ †â â †â j� i = h� j(â †â †â â + â †â )j� i = j� j2h� jn̂ j� i + j� j2 = j� j4 + j� j2

(3.27)

Finally,

(� n )2 = hn 2i � h n i 2 = j� j4 + j� j2 �
�
j� j2

�2
= j� j2 (3.28)

Altogether, the fractional photon number uncertainty, directly proportional to the degree

of �uctuation in light intensity, is given by:

� n

hn i
=

j� j

j� j2
=

1

j� j
(3.29)

Rewriting:

� n

hn i
=

1
p

hn i
(3.30)

As expected, for large photon number, the uncertainty in photon number (as a fraction

of total photon number) falls to zero. In physical terms, as the number of constituent

photons comprising a coherent source becomes large, the �uctuations in intensity become

negligible, and indeed the the approximation of constant intensity is reasonable.

Last, and most importantly, we can �nd the probability of �nding m photons within

our coherent state in the usual way:
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P(m ) = jhm j� ij 2 (3.31)

hm j� i = e � j� j2

2 hm j

� 1X

n =0

� n

p
n !

�

jn i (3.32)

Note:

hm jn i = � m ,n (3.33)

allowing us to disregard the summation:

hn j� i = e � j� j2

2 hn j
•

� n

p
n !

‹
jn i = e � j� j2

2

•
� n

p
n !

‹
(3.34)

Using 3.25,

P(n ) = jhn j� ij 2 = e �h n i hn i n

p
n !

(3.35)

This result is the previously referenced and well known Poissonian distribution. As

was hinted at in section 3.1.1, a classical, coherent source such as a single-mode laser, is

represented by a plane wave in the semi-classical treatment, but can also be represented

as a poissonian distribution of photon arrivals. There is a pleasing symmetry here: the

"most random" collection of individual Fock states, so random that any detection of the

system yields no information about previous or subsequent photon arrivals, is in fact

the simplest oscillating electric �eld: a classical cosine wave. Of course, the reverse is not

true, as no superposition of semi-classical states can be created to represent quantized

photons. Although much of optics can be represented as semi-classically (in fact so much

that these sorts of special cases are even given their own name, "quantum optics") it is a
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nice reminder that under the hood, the quantization of photons is lurking behind even the

most classical-seeming behavior of light waves.

Multi-mode & Continuous-mode Considerations

Thirdly, we cannot of course assume light sources measured even in a laboratory setting are

pure, single-mode time-independent manifestations, free from dephasing, thermal emis-

sion contamination, etc. Fortunately, the mathematical treatment of these complications

and the resulting amendments to our preliminary 3.18 are fairly manageable.

Although the treatment of light as a single-mode plane wave creates many mathematical

advantages, there are several key assumptions we are forced to make which simply cannot

be argued in a laboratory environment. Firstly, a single mode plane wave must be truly

single-frequency, and extending in along the optical axis in�nitely. Often, real laser sources

may �uctuate in power, temperature, or wavelength over the course of hours, or even less

during experimental procedures, and the distance between source and detector is quite

�nite, typically measured on the order of meters in a free-space benchtop experiment.

While use of an optical cavity can restrict our beam to occupy only a few optical modes,

for the most general picture of light transmission in a generic optical apparatus we must

concede the presence of numerous optical modes. Once again, I will borrow the language

of Loudon and refer to this treatment as the "continuous-mode" limit.

On the one hand, for experiments conducted with a single-frequency, single Gaussian

TEM00 mode laser, we would hope that these modi�cations to our insights gained in the

last section should be fairly minor, and indeed for the g (2)(0) case, they are. However, it is

at non-zero delay times that the importance of the continuous-mode treatment comes to

light.
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Continuous-mode Coherent States

First, let us con�rm that the continuous-mode treatment does not modify our result for

coherent light sources. Note, we have already shown that the semi-classical plane wave

treatment, as well as the coherent state formalism in Fock basis both yield the same result,

g (2)(0) = 1. Assuming our source is indeed single-mode (and therefore single-frequency),

we con formulate our coherent state as:

� (! ) =
p

2� F ei � � (! � ! 0) (3.36)

where ! 0 is the frequency of the source, and F is the mean photon �ux. Expressed in

non-Fourier space,

� (t ) =
p

F ei � e � i ! t (3.37)

Beginning with 3.11, we can use 3.24 to replace the creation and annihilation operators

in the second-order correlation function with our coherent state. Note that in this case, we

are acting on j� i states, not jn i states:

g (2)(� ) =
h� jâ †(t )â †(t + � )â (t + � )â (t )j� i

h� jâ †(t )â (t )j� i 2
(3.38)

g (2)(� ) =
jF j2h� je � i � e i ! t e � i � e i ! (t + � )e i � e � i ! (t + � )e i � e � i ! t j� i

jF j2h� je � i � e i ! t e i � e � i ! t j� i 2
= 1 (3.39)

After accounting for complex conjugation and normalization, we clearly see that for all

times and delay times, the second-order correlation function is equal to one, just as shown

before for the single-mode scheme [51].
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Continuous-Mode Chaotic Light

For a less trivial case, we can inspect the behavior of partially incoherent chaotic light in the

continuous-mode scheme. This is of particular interest because most real-world sources of

illumination, such as the sun or any incandescent bulb will produce thermal light. Even in

single-photon generation experiments, often various sources of incoherent contamination

will be present, and are measurable as "photon bunching", which will be discussed at length

in the next several sections. Before we begin, a few notes:

1. Thermal versus Incoherent Light Thermal light sources typically emit incoherent

light, however the two terms are not exactly interchangeable. Thermal sources emit

spontaneous thermal radiation from numerous individual sites. The random emission

timing and location of these sites assures a random phase distribution, resulting

in no constructive or destructive interference. As the size of the source reduces, it

approaches an ideal, isotropic point source (e.g. arc lamp sources). However, there are

certain exotic emitters of thermal radiation which can have some degree of coherence

over certain distances, for example by the use of periodic microstructures [36].

2. Chaotic Light Chaotic light, a term often used in place of thermal light, simply refers to

light with some partial coherence. As shown in Figure 3.4, and further explained below,

while a perfect blackbody radiator should emit light with g (2)(0) = 2, and a perfect

coherent source should show g (2)(0) = 1, many real sources, especially secondary

sources such as photoluminescence from a semiconductor, will commonly show

chaotic light with a zero-delay second-order correlation between one and two.

3. Broadband versus Monochromatic Light It is also often true that coherent sources

are monochromatic, while thermal sources emit broadband radiation. However, this is
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also not universally true of all coherent and incoherent emission. First, there are many

common nonlinear processes which can generate broadband, coherent emission,

such as self-phase modulation in a sapphire plate or super-continuum generation in

a photonic crystal �ber [85]. Conversely, noble gas lamp sources may demonstrate

extremely narrow spectral features, while still emitting chaotic, incoherent light. Just

as the use of spectral �lters cannot make a laser out of a desk lamp, neither can

spectral �lters alone make coherent light from an incoherent source.

4. Pseudo-Thermal Sources As noted before, there are many emission processes which

can generate chaotic radiation, only some of which involve thermal radiation. One

special case is that of coherent light, which by way of some random phase modula-

tion along the optical path, introduces partial incoherence [108]. A speci�c exam-

ple will be discussed later in section 3.4.3. When optical processes along the path

introduce incoherence into the otherwise coherent beam, it is sometimes called

"pseudo-thermalization" or simply, "thermalization" [109].

5. Single-Mode Chaotic Light A careful reader will have noticed that while I highlight

the single-mode treatment of coherent and single-photon states, I did not discuss the

single-mode treatment of chaotic light. For a thorough discussion on that topic, I will

refer you to Loudon's Quantum Theory of Light section 5.4 [51]. Although in principle,

cavity effects and spectral �ltering could be used to limit a chaotic source to a single

optical mode, in a 21st century laboratory setting it is in�nitely more common to

simply use a laser source for such applications. If indeed chaotic excitation were

necessary, pseudo-thermalization with a rotating phase mask or similar scheme

would provide a simpler, higher-intensity source with tunable incoherence for such

purposes.
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Another matter before we can begin in earnest is to generalize the states we are acting on

to evaluate the second-order correlation function. Migrating away from number states or

coherent states, we will now let the state be de�ned as an ensemble of photons with a mean

photon �ux that we have already introduced, F . Additionally, let us assume that on the

experimental timescale, the light source is effectively in�nite, so we can �nd stationary-state

solutions. Generalizing 3.12:

n̂ =

Z

d t â †(t )â (t ) �

Z

d t f̂ (t ) (3.40)

Now that we would like to introduce time-dependence, it is convenient to consider the

rate of photon arrivals, rather than the photon number directly. This operator, called the

"�ux operator", simply measures the rate of photons per unit time. Of course, by integrating

over a representative time interval the mean photon number can be evaluated. Of course,

just as the number operator acts on a state to reveal the photon number, the �ux operator

acts on a state to reveal the photon �ux.

F = f (t ) � h f̂ (t )i =

Z

d ! f (! ) (3.41)

This now somewhat convoluted notation allows us to relate the mean photon �ux as a

quantity to the �ux operator, which will help us to evaluate the correlation function. In the

time-domain, we already know that:

f̂ (t ) = â †(t )â (t ) (3.42)

However, it will be useful to us to de�ne our optical source in Fourier space, so let us take

advantage of our stationary-state assumption to show:
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2� f (! )� (! � ! 0) = hâ †(! )â (! 0)i (3.43)

At this point we should de�ne the frequency distribution of our speci�c source. While a

hypothetical continuous-mode chaotic source could take many forms, we will use a simple

Lorentzian frequency distribution as an illustrative example:

f (! ) =
F

�




(! � ! 0)2 + 
 2
(3.44)

where f (! ) is the mean photon �ux for a given bandwidth ! and center frequency ! 0.

The broadening parameter 
 is equal to the half-width half-maximum (HWHM) of the

distribution.

To evaluate g (2)(� ), we will need to evaluate the creation / annihilation operators in the

time-domain. Therefore, the following steps are a set of tedious conversions of each term

in the second order correlation function from the frequency domain, using 3.43 and 3.44:

hâ †(! )â (! 0)i = 2F



(! � ! 0)2 + 
 2
� (! � ! 0) (3.45)

Note that the Fourier transform of a Lorentzian is an exponential:

F
•

1

�




(! � ! 0)2 + 
 2

˜
(! ) = e � i w 0t e � 
 t (3.46)

hâ †(t )â (t )i = F (3.47)

hâ †(t )â (t + � )i = F e� i w 0� e � 
� (3.48)
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And �nally, we can expand the numerator according to the factorization rules for chaotic

light [13] and insert 3.48:

hâ †(t )â †(t + � )â (t + � )â (t )i = hâ †(t )â (t )ihâ †(t + � )â (t + � )i + hâ †(t )â (t + � )ihâ †(t + � )â (t )i

(3.49)

hâ †(t )â (t )ihâ †(t + � )â (t + � )i = jF j2 (3.50)

hâ †(t )â (t + � )ihâ †(t + � )â (t )i = jF j2e � i w 0� e � 
� e i w 0� e � 
� = jF j2e � 2
 j� j (3.51)

In summary:

hâ †(t )â †(t + � )â (t + � )â (t )i = jF j2
�
1+ e � 2
 j� j

�
(3.52)

which when normalized by 3.47 gives our original form for g (2)(� ) shown in 3.11:

g (2)(� ) =
hâ †(t )â †(t + � )â (t + � )â (t )i

hâ †(t )â (t )i 2
= 1+ e � 2
 j� j (3.53)

Fortunately, after some mathematical toil, we are left with quite an elegant and revealing

result. Functionally, the result is quite similar to what was found for coherent states, with

a signi�cant difference close to j� j = 0, where a symmetric, exponential peak is observed.

This "photon bunching" peak (shown in Figure 3.6) is a characteristic signature of chaotic

light. Remembering that the physical meaning of the second-order correlation function

is the "multi-photon probability", the peak rising above the level of one is showing the

probability of multiple photon arrivals rising higher than what would be expected for
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coherent, poissonian distributions of photons ( g (2)(� ) = 1). Therefore, we can describe

the statistical distribution of chaotic light as super-poissonian, or bunched. Although we

did not explore the semi-classical approach to chaotic light, this second-quantization

approach yields the same result as is predicted by classical optics. In the classical picture,

this bunching effect is a result of intensity �uctuations in the source. In the quantized

photon picture, one can gain some intuition from thermal sources driven by electrical

current, where each electron is likely to excite multiple photo-emisson events [81]. However,

as this derivation shows, neither of these examples are necessary or suf�cient to describe

photon bunching. In summary, photon bunching is simply a statistically predicted result of

incoherence, whether viewed in a semi-classical �eld picture or a quantized particle picture.

This contrasts to photon anti-bunching , which cannot be predicted via a semi-classical

�eld approach, and will be discussed next.

Of course, now that our second-order correlation measurement has gained a time di-

mension, we can extract additional information. Starting with the zero-delay peak, from

3.53, we can see the overall height of the bunching feature should be g (2)(0) = 1+ exp(0) = 2

for purely thermal emission. Note: our "chaotic light" in fact only included a Lorentzian

source, with no coherent emission. For real chaotic sources, a value between one and

two is expected. Now, if g (2)(0) provides the multi-photon probability, what is the origin

and meaning of g (2)(� )? Firstly, the dependence on � means that for large time delays, the

source will approach the coherent limit g (2)(� ) = 1. This peculiar result, noted by Hanbury

Brown and Twiss in 1954, is another reminder of the "contradiction" at the heart of photon

statistics [21]. As one source is split and delayed, and the two paths become more and more

uncorrelated , the behavior also appears to resemble coherent light. Indeed, as stated previ-

ously, the most classically coherent �eld is described in the quantized picture by statistically

independent photo-emissions, or purely uncorrelated photons. For additional discussion
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on the compared correlation functions of coherent, incoherent, and single-photon emis-

sion, please see section 3.2.1 below. Next, we observe that the width of the bunching peak

in Figure 3.6 is purely determined by 
 as shown in 3.53, which was �rst introduced in

3.44. It is worth noting that 2
 is the FWHM of our source frequency distribution, and

ln(2)=
 is the FWHM of the bunching peak. So the width of the bunching peak is inversely

proportional to the bandwidth of our source, and narrower sources produce correlated

light over the largest ranges of time delays. Of course, just as a Fourier transform of the

Lorentzian frequency distribution gives us the exponential shape of our bunching feature, it

was a Fourier transform of the single-lifetime exponential decay of our hypothetical source

emission in the time-domain which de�nes it's minimum Lorentzian linewidth, as per the

uncertainty principle:

� E � t �
~h

2
(3.54)

Therefore, it is possible to draw a neat line from the bunching peak width observed

in the second-order correlation function all the way back to the fundamental emission

lifetime of the photon source. For example, imagine a hypothetical emitter with a lifetime

of 10ps and central emission line of 550nm.

� E =
~h

2� t
= 3.313x 10� 25J (3.55)

Noting E = ~h ! :

� E = ~h � ! = 2� ~h � f (3.56)
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� f =
� E

2� ~h
= 500 MHz (3.57)

If we then convert into rad / s and assume our Lorentzian FWHM should be of the same

order, then:


 � 2� � f � 109rad/ s (3.58)

FWHM g (2)(� ) � 1 ns (3.59)

This result is why the width of the bunching peak is sometimes referred to as the "�u-

orescence lifetime". If no other broadening effects dominate, the timescale of emission

correlations measured from the system are the same order as the emission lifetime it-

self. This will turn out to be of signi�cant practical importance for the measurement of

second-order correlation functions, as will be discussed in section 3.3.1.

Now that I have told you most common light sources are partially incoherent, and

that incoherent light should show bunching effects at short time delays, you might be

wondering why you never observed this effect in a high school physics lab. The limitation is

bandwidth. Using 3.54 through 3.59 we can show that for a visible emission with a FWHM

� 100nm, we approach �uorescence lifetimes of 1 fs. With the electronic challenges of THz

electronic detection, it is very challenging to resolve these sorts of lifetimes. One solution is

to attempt to �lter the radiation, and indeed with 0.1nm spectral �ltering, it is possible

to stretch the �uorescence lifetime toward 1 ps or longer. Indeed, such a scheme using

multiple grating and etalon passes to achieve extremely narrowband spectral �ltering to

successfully measure signi�cant photon bunching from solar blackbody radiation was �rst

76



implemented in 2014 [88].

Single Photon Emission from a Two-Level System

Finally, we can apply the methods used in earlier sections of 3.2.1 to address our speci�c

interest, single photon generation in atomic-like systems. Before generalizing, we can �rst

study the simple two-level system, a class of systems sometimes referred to as "atomic"

or "hydrogenic" systems, in reference to the single electron eligible for excitation from a

ground state to an excited state. As will be evident in this and the following sections, it

is always systems which either literally or analogously behave according to these rules

which showcase single photon emission. Therefore, we may treat Figure 3.5 as a general

model which may depict the 1st order behavior of photo-emission from many "quantum"

emitters.

Once again, we can begin with the most general form of the second-order correlation

function 3.3. Just as we were able to rewrite 3.3 in terms of creation and annihilation

operators in 3.11 for single particle Fock states, we would now like to rewrite our electric

�eld operators for the radiative emission from our two-level system in terms of the ground

and excited states. For our purposes, we may rewrite the second order correlation function

using j1i and j2i to represent our ground and excited states, respectively. Then, we can

de�ne our new creation and annihilation operators simply as:

�̂ † = j2ih1j (3.60)

�̂ = j1ih2j (3.61)

Since our system has only two levels, we can easily describe all possible ways of acting these
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Figure 3.5: Generalized energy diagram of a direct two-level system, which well-
approximates many single photon emitters (adapted from [48]).

operators on our two possible states:

�̂ †j1i = j2i , �̂ †j2i = 0, �̂ j1i = 0, �̂ j2i = j1i (3.62)

Trivially,

�̂ †�̂ = j2ih1j1ih2j = j2ih2j, �̂ �̂ † = j1ih2j2ih1j = j1ih1j (3.63)

Now, we can rewrite the second-order correlation function:

g (2)(� ) =
h�̂ †(t )�̂ †(t + � )�̂ (t + � )�̂ (t )i

h�̂ †(t )�̂ (t )i 2
(3.64)

Here I offer only a physical justi�cation for the translation of the second-order correlation
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function into the two-level basis, without any necessary modi�cations to the functional

form. For a full mathematical justi�cation of this equivalence, please see Loudon's Quantum

Theory of Light , section 7.7[51].

Before proceeding however, one more abstraction is required: the density matrix formal-

ism. While equations 3.60 and 3.61 are suf�cient for a pure-state description of a two-level

system, they will fail to capture the transitions between states resulting from spontaneous

emission, dephasing, etc. These effects require quantum statistical mechanics, or the inclu-

sion of "mixed-states". We begin by de�ning a sensity matrix � which is formed from the

mixture of ground and excited states:

� =
X

i

pi ji ihi j (3.65)

which is normalized by the condition:

Tr(� ) =
X

i

pi = 1 (3.66)

and can be written in matrix notation as:

� =

0

@
� 11 � 12

� 21 � 22

1

A (3.67)

The diagonal elements, or "populations", represent the occupation probability of each

state in the system. The off-diagonal elements, or "coherences", represent the degree of

entanglement between two states.

Note: In a system where the entanglement of pure excited and ground states is being lost,

i.e. to system-bath interactions, the process of decoherence or "dephasing" can be represented

as a decay rate in the coherences of the density matrix [57]. When the density matrix is shown
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in literature as a vector, the implication is that dephasing effects are not being considered,

and therefore the coherences are dropped, leaving only a vector of populations. While this

greatly simpli�es the process of solving coupled differential density matrix rate equations,

this is not generally possible to assume for all systems.

For a general operator Â, the expectation of value of the operator acting on a set of states

described by the density matrix � can now be simpli�ed:

hÂi =
X

i

pi hi jÂji i =
X

j

X

i

pi hi j j ihj jÂji i �
X

i

hi j

 
X

j

p j j j ihj j

!

Âji i (3.68)

using 3.65:

hÂi =
X

i

hi j ˆ� Âji i = Tr
�

ˆ� Â
�

(3.69)

Following the typical procedures of the interaction picture, we can extrapolate the

time-dependent form of the two-level creation and annihilation operators as:

�̂ †(t ) = �̂ †e i ! 0t , �̂ (t ) = �̂ e � i ! 0t (3.70)

Finally, keeping with the typical optical Bloch equation formalism, we will drop the

oscillating terms within � by use of the substitutions:

˜� 21 = � 21e
� i (! 0� ! )t (3.71)

˜� 12 = � 12e
i (! 0� ! )t (3.72)

Now we begin piecing apart 3.64 using 3.69, 3.70, 3.71 and 3.72:
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h�̂ (t )i = Tr
�

ˆ� �̂
�
= ˜� 21(t )e � i ! t (3.73)

h�̂ †(t )i = Tr
�

ˆ� �̂ †
�
= ˜� 12(t )e i ! t (3.74)

and using 3.63:

h�̂ †(t )�̂ (t )i = ˜� 22 (3.75)

Now, what we would ideally do is return to the optical Bloch equations, write down

equations of motion for each element of the density matrix, solve them, and simply plug

in the solutions into our creation and annihilation operator form to evaluate the second

order correlation function. I will attempt to show the general form of a solution assuming a

system pumped to the excited state at t = 0 which experiences only collision broadening

effects. Rather than explicitly solve the density matrix time evolution equations, we may

generalize:

˜� 22(t + � ) = � 1(� ) + � 2(� ) ˜� 21(t ) + � 3(� ) ˜� 12(t ) + � 4(� ) ˜� 22(t ) (3.76)

We make a key assumption, that in the limit of large � , the dependence of ˜� 22(t + � ) on

˜� (t ) should vanish, and therefore:

� 2(1 ) = � 3(1 ) = � 4(1 ) = 0 (3.77)

˜� 22(� ! 1 ) = � 1(1 ) (3.78)
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Since 3.75 is independent of � , we can assert that ˜� 22 is equivalent to ˜� 22(1 ), which

allows us write:

h�̂ †(t )�̂ (t )i = � 1(1 ) (3.79)

Note: Experimentally, this is also how second-order correlation data is normalized. Since

bunching and anti-bunching features are typically narrow compared to the experimental

time window, it is trivial to �t the entire range to a horizontal line to de�ne the in�nite limit

of the correlation function, and to divide the entire dataset by this value. Some additional

care can be taken when accounting for detector dark counts, as will be mentioned in section

3.3.2.

Now for the numerator. Noting equations 3.73, 3.74, 3.75, and 3.76 we can evaluate:

h�̂ †(t + � )�̂ (t + � )i = ˜� 22(t + � ) = � 1(� ) + � 2(� ) ˜� 21(t ) + � 3(� ) ˜� 12(t ) + � 4(� ) ˜� 22(t ) (3.80)

Unlike in previous sections (3.49) where we have used factorization rules to expand the

expectation value of these four operators, I will instead follow the procedure highlighted

in [51] and apply the quantum regression theorem:

h�̂ (t + � )i =
X

i

� i (� )h�̂ i (t )i (3.81)

h�̂ †(t )�̂ †(t + � )�̂ (t + � )�̂ (t )i =
X

i

� i (� )h�̂ †(t )�̂ †
i (t )�̂ i (t )�̂ (t )i (3.82)

As a byproduct of the use of the quantum regression algorithm, elements of 3.80 which

explicitly depend on time cancel out, leaving behind only the �rst term:
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h�̂ †(t )�̂ †(t + � )�̂ (t + � )�̂ (t )i = � 1(� )h�̂ †
i (t )�̂ i (t )i (3.83)

which �nally allows for full substitution into the second order correlation function:

g (2)(� ) =
h�̂ †(t )�̂ †(t + � )�̂ (t + � )�̂ (t )i

h�̂ †(t )�̂ (t )i 2
=

� 1(� )h�̂ †
i (t )�̂ i (t )i

� 1(1 )h�̂ †(t )�̂ (t )i
=

� 1(� )

� 1(1 )
(3.84)

Therefore, generally, if one can �nd and isolate the time dependence of ˜� 22 on � which

explicitly does not depend on the ˜� (t ), then one can �nd the second-order correlation

function.

Now, let us introduce a few speci�c systems and observe how the second-order correla-

tion function behaves:

Collision-Broadened Two-Level System

By modeling a mean free path using the kinetic theory of gasses, it is possible to include a

collision broadening term in the typical two-level optical Bloch equations [51]:

d ˜� 22

dt
= �

d ˜� 11

dt
= �

1

2
i 


�
˜� 12 � ˜� 21

�
� 2
 sp ˜� 22 (3.85)

d ˜� 12

dt
=

d ˜� �
21

dt
=

1

2
i 


�
˜� 11 � ˜� 22

�
+

�
i (! 0 � ! ) � (
 sp + 
 coll )

�
˜� 12 (3.86)

where 
 is the Rabi frequency, 
 sp is the spontaneous emission rate and 
 coll is the inverse

mean free time. Please note I have dropped the � (t ) notation for readability, but these are

still the time-dependent forms of the density matrix solutions.

Note: The entire derivation of the two-level optical Bloch equations, as well as the full

description of power broadening and collision broadening in terms of perturbations to the
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density matrix time evolution, are nicely summarized in Loudon's Quantum Theory of Light

sections 2.7-2.9[51].

While even the approximate solutions to these rate equations are quite cumbersome,

we can signi�cantly simplify the solution by assuming that:


 � 
 sp � 
 coll (3.87)

where the rate of collisions dominates other broadening effects. Also ensuring t is at least

of the same order as the spotaneous emission lifetime, we obtain:

d ˜� 22(t )

dt
�

� 1
2 j
 j2
 coll

(! 0 � ! )2 + 
 2
coll

�

� 2
 sp ˜� 22 � R � 2
 sp ˜� 22 (3.88)

This expression shows how the excited state population is replenished by laser excitation

and depleted by spontaneous emission. Now, we can replace our generalized form 3.76

with the speci�c case de�ned in 3.88:

˜� 22(t + � ) =
R

2
 sp

�
1 � e � 2
 spj� j

�
+ ˜� 22(t )e � 2
 spj� j (3.89)

where I have used the notation j� j to explicitly highlight our system's time dependence to

be symmetrical for both positive and negative time delays, as long as the scales of various

timescales in the system still obey the rules above.

Equating 3.76 with 3.88 we �nd:

� 1(� ) =
R

2
 sp

�
1 � e � 2
 sp�

�
(3.90)

and therefore:
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� 1(1 ) =
R

2
 sp
(3.91)

Finally, at long last: the second-order correlation function for the emission of a single atom

under laser excitation:

g (2)(� ) =
� 1(� )

� 1(1 )
=

R
2
 sp

�
1 � e � 2
 sp�

�

R
2
 sp

= 1 � e � 2
 sp� (3.92)

Immediately we should recognize this result as being the equivalent of our result for

continuous-mode chaotic light, except for the bunching peak we observed before has

now been vertically re�ected across the g (2)(� ) = 1 axis. This "anti-bunching dip", is the

well-known signature of single photon emission, and the entire reason for embarking on

this mathematical expedition. As before in the single-mode quantized light treatment, at

zero time delay the light emission is perfectly anti-correlated, or g (2)(� ) = 0. However, this

simple model much better represents the laboratory behavior of single photon emission.

As in the case of bunched chaotic emission, the �uorescence lifetime (or the inverse of the

spontaneous emission rate) again dictates the broadening of the correlation function, as

shown in Figure 3.6.

Reminding ourselves that the meaning of the second-order correlation function is the

multi-photon probability, we can nicely observe that for the emission of a two-level system

at zero time delay, the probability of a single photon emission is 100%. It is only in these

"quantum systems" where SPE is observed, as a statistical necessity of their electronic

energetic landscape. As expected, the timescale which determines how far apart two emis-

sion events can reasonably be originated from the same two-level system is simply the

timescale of spontaneous emission from that system. This anticorrelation predicted by

the second order correlation function is another way of representing the sub-poissonian
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Figure 3.6: Examples of second-order correlation functions for the case of coherent light,
photon anti-bunching, and photon bunching, with an arbitrary time axis (from [27]).

statistics predicted for a system which can only produce a photo-emission event one at a

time. This result, unlike photon bunching, has no classical equivalence, and squarely relies

on the quantized �eld picture of the electric �eld, which we used to derive our creation

and annihilation form of the second order correlation function. In summary, any measure-

ment of g (2)(� ) < 1 indicates a measurable effect of the quantization of light. Note: there is

precedent to useg (2)(� ) < 0.5 as a threshold for veri�able measurement of SPE. The origin

of this is that while directly-measured coherent light has g (2)(0) = 1, it is possible to achieve

as low as g (2)(� ) = 0.5 by exploiting certain interference effects. Of course, more properly the

exact "non-classicality criterion" should be determined based on the speci�c experimental

conditions, as noted in [49]. Naturally, this debate is somewhat superseded by the practical

concerns of SPE use cases, where often a nearly zero multi-photon probability is necessary for

a source to be useful without generating statistical noise [72].

Now, with a more complete picture of the time-dependence of the second-order corre-
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lation for chaotic, coherent, and quantized single-photon emission, it is evident that the

�rst-order functional forms of bunched and anti-bunched emission are both exponen-

tial peaks. Referring to Figure 3.6, it is helpful to consider g (2)(� ) = 1 to be the "center" of

our correlation plot, representing uncorrelated light, with g (2)(� ) = 2 representing highly

correlated emission, and g (2)(� ) = 0 representing highly anti-correlated emission. This is

analogous to the comparison of ferromagnetic and antiferromagnetic systems, showing

a high degree of spatial correlation and anti-correlation, respectively. When neighboring

spins are uncorrelated, the net magnetic moment of the system falls to zero. In a similar

sense here, one could describe bunching and anti-bunching as symmetric re�ections across

the uncorrelated g (2)(� ) = 1 line, at least in functional form.

Three-Level System

Now, with the basic relationship of the second-order correlation function to the density

matrix evolution rate equations established, we would in principle go on to model an

arbitrary energetic system. In this section, I will demonstrate how the addition of a third,

meta-stable "shelving" state will allow for the commonly observed bunching effects of

highly saturated excitation in SPE systems. If you are interested in this model as applied to

more complex systems, there is an excellent example from the Max Planck Institute for Bio-

physical Chemistry modelling the emission of a coupled six-level system in nanodiamond

defect sites [38].

As shown in 3.2.1, the second-order correlation function is fundamentally determined

by the excited state population dynamics, or the density matrix rate equations. In 3.2.1 we

implemented this approach for a two-level system. Now, we may consider a system with

an additional non-radiative state, often called a dark state, shelving state, or meta-stable

state, which is allowed to couple to the excited state j2i , but not to the ground state j1i . The
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assumption here is that the non-radiative recombination mechanism allowing transitions

from j3i to j1i are several orders of magnitude slower, and therefore can be neglected.

Figure 3.7: Energy diagram of a hypothetical three-level system, where the 2-1 transition
is radiative, and the 3-1 transition is non-radiative (from [48]).

If all coherences are neglected (i.e. dephasing processes are not considered [57]) the 3 x

3 density matrix can be simpli�ed to a single vector, and the density matrix rate equation

can be generalized in the form �� = A� as:
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(3.93)

where k12 is the laser excitation pumping rate, k21 is the spontaneous emission rate from

the excited state, and k23=k32 represent transitions between the excited state j2i and the

shelving state j3i . This expression can be solved by the standard process for coupled �rst-

order ordinary differential equations by using the determinant method:
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det(A � � I ) = 0 (3.94)

which is solved generally by �nding the eigenvalues � i and eigenvectors vi , where the

solution � (t ) is of the form:

� (t ) = c1v1e � 1t + c2v2e � 2t + c3v3e � 3t (3.95)

and therefore, after (a) only considering emission from the dominant excited state (b)

dropping all terms in � (t + � ) which recursively depend on � (t ) and (c) normalizing the

second-order correlation to the value of the excited state population at quasi-in�nite time,

as shown in 3.2.1, we can show g (2)(� ) is of the general form:

g (2)(� ) =
� 2(� )

� 2(1 )
= 1+ c̃2e � �=� 2 + c̃3e � �=� 3 (3.96)

This form of g (2)(� ), commonly cited as a �tting function for experimental measurements

of the second-order correlation function, adds signi�cant mathematical complication for a

functional form that is only slightly modi�ed from our result in 3.2.1. However, the most

critical result is the relationship between c̃2 and c̃2. Applying the speci�c transition rates

from 3.93, we obtain:

c̃3 = � 1 � c̃2 (3.97)

allowing us to rewrite:

g (2)(� ) =
� 2(� )

� 2(1 )
= 1 � e � �=� 3 + c̃2e � �=� 2 � c̃2e � �=� 3 (3.98)

This equivalent form, although much less common in literature, I believe is much more
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revealing as to the mechanics of g (2)(� ) under different excitation conditions. Clearly, as the

coef�cient c̃2 falls to zero (leaving only the �rst two terms) the functional form returns to

the single anti-bunching dip form derived in 3.2.1, indicating that the � 2 decay constant is

most closely linked with the 1=
 sp rate used in the two-level scheme. However, for �nite

c̃2, which is proportional to the pumping rate, two additional peaks are included. Notably,

the effects of these peaks perfectly cancel for � = 0, meaning the measurement of g (2)(0) is

unaffected the presence of this increased excitation condition, as shown in Figure 3.8.

Note that when inserting real values as shown below, c2 will be negative, making � 2

the "anti-bunching" width and � 3 the "bunching" width. However, if the sign of c2 is re-

versed, the role of each� will also reverse. In general, it is common to use form 3.96 of this

expression, and to explicitly decouple both c coef�cients, in which case the negative feature

corresponds to anti-bunching and vice-versa. However, in addition to hiding the underlying

three-exponential form of the equation which is derived for the three-level system, this form

also allows for the value of g (2)(0) to deviate from zero, allowing for multi-photon probability

to be estimated from a three-level �t.

It is important to note that we have not considered any additional sources of bunching

emission in this example. Rather, the mere presence of an additional coupled energy level

is the source of the apparent "bunching" feature. This can become somewhat muddled in

some experimental works using correlation spectroscopy, where occasionally this feature

may be attributed to bunching effects in background non-SPE emission. From the perspec-

tive of a statistical measurement, this is unlikely, as the presence of multiple uncorrelated

emission sources will appear more coherent rather than as a combination of bunching and

anti-bunching features (see section 3.3.2) [15].

Of course, for our speci�c system, we may solve for our constants � 2, � 3, and c2, in terms

of the various transition rates we introduced in 3.93 [48]:
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Figure 3.8: Functional form of g (2)(� ) at various excitation regimes, denoted by the co-
ef�cient c2. Plots are vertically separated for clarity; dashed lines mark the position of
g (2)(� ) = 1.

c2 =
1

� 2 � � 3

•
1

k32
� � 2

‹
(3.99)

� 2,3 =
2

A �
p

A2 � 4B
(3.100)

A � k12 + k21 + k23 + k32 (3.101)

B � k12k23 + k12k32 + k21k32 (3.102)

Hopefully it is now clear why I have attempted to draw so much meaning out of the forms

of these expressions without quoting their explicit solutions. At this point, it is generally
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advisable to walk away from the chalkboard and pick up a computer. For the purposes of

getting some "feeling" for how the correlation function evolves with the manipulation of

the various transition rates in the system, I present a few examples:

Figure 3.9: g (2)(� ) evolving for increasing levels of laser excitation ( k12), arbitrary units.

In Figure 3.9, the second-order correlation is plotted for increasing values of k12. As

shown in Figure 3.8, the presence of positive correlations at non-zero time delays increases

with pump intensity, while preserving the zero-delay correlation value.

In Figure 3.10, the spontaneous emission rate from the excited state j2i to the ground

state is increased (k21). As the emission rate increases, we expect the �uorescence lifetime

to decrease, and dutifully, the the width of the zero-delay anti-bunching dip becomes

narrower.
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Figure 3.10: g (2)(� ) evolving for increasing rate of spontaneous emission from the excited
state j2i to the ground state ( k21), arbitrary units.

Finally, in Figure 3.11 both the values of k23 and k32 are increased. An example of this

condition would be moving from cryogenic temperatures to room-temperature, and ob-

serving thermal coupling between states j2i and j3i increase askb T � � E. With increased

thermal coupling, two effects are observable: (a) the decrease of high-pump related positive

correlations, and (b) the broadening of the anti-bunching dip. The �rst is easily under-

stood, as thermal coupling between the two excited states pushes the saturation regime

to a higher pump intensity than at cryogenic conditions. The second effect is more subtle,

and indicates that as k21 � k23, the width of the anti-bunching feature is no longer a good

approximation of the spontaneous emission rate (as discussed in 3.2.1), and instead the

�uorescence lifetime of the emission is affected by both energetic processes. For this reason,

even experimental data well �t by a single decay curve but is known to originate from a
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Figure 3.11: g (2)(� ) evolving for increasing k23 and k32, estimating the effect of increased
coupling between states |2 >and |3>askb T � � E.

multi-level electronic system may still be best �t by a consideration of at least three states.
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3.2.2 Classi�cation of Light Sources

I would now like to summarize the classi�cations highlighted in the previous section into

a few categories which are practically useful when discussing source of light, and I will

highlight several examples of each kind of emission.

Coherent Emission

Figure 3.12: Coherent light, typically depicted as a classical plane wave, can also be de-
scribed as a poissonian distribution of quantized single particle states.

Coherent light, most often associated with the emission of a laser source, is the result of

completely uncorrelated photon emission events, where no information about previous

photon arrivals can be used to predict future photo-emission. Put another way, the detec-

tion of one photon does not imply and increased or decreased likelyhood to detect another

photon at short or long time scales, and therefore photon arrivals can be described as statis-

tically Poissonian. When measured, these sources will show a multi-photon probability or

g (2)(0) = 1. Examples of coherent sources are those which well-mimic semi-classical plane

waves, such as laser sources. However, any source can be measured as statistically incoher-

ent if measured from two signi�cantly different time-space points, as individual photon

emission will become increasingly uncorrelated with increasing time-space separation.
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Figure 3.13: Chaotic light, which can contain a mixture of thermal and coherent light,
cannot be described by a single plane wave, and requires a "bunched", or super-Poissonian
distribution of photon arrivals.

Chaotic Emission

Most ordinary light sources (the sun, lamps, LEDs, etc) produce chaotic or thermal light,

which can be de�ned generally as any collection of independent photon emission sources.

The resulting emission, which is then generally incoherent and isotropic, must be described

by a multi-photon probability greater than one, or g (2)(0) > 1. Statistically, these sources are

classi�ed by a super-Poissonian distribution of photon arrivals, where photon "bunching"

is observed at time scales shorter than the coherence time (see 3.2.1). True thermal sources,

such as blackbody radiators, will have a g (2)(0) = 2, and some collective radiation phenom-

ena such as Dicke super-radiance and super-�uorescence, will show g (2)(0) > 2, representing

the highly bunched emission of many photons in a single super-radiant burst [31,52].

Single Photon Emission from a Two-Level System

Figure 3.14: Single photons, or emission where photons arrive one-at-a-time, is character-
ized by a sub-Poissonian distribution of photon arrivals, called "anti-bunching".

Single photons emission, unlike coherent and chaotic light, cannot be described clas-

sically. SPE is marked by a zero multi-photon probability, or g (2)(0) = 0, or in words: the
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detection of any photon indicates that there can be no other photon emission at that same

time-space point. This is also characterized by a sub-Poissonian distribution of photon

arrivals, resulting in "antibunched" sequences of individual particles, as depicted in Figure

3.14.

3.2.3 Single Photon Sources

As noted in previous sections, the ideal single photon emitter source is simply a two level

hydrogen-like system, however when we consider the applications of SPE for quantum

photonics, the group of practical SPE sources shrinks signi�cantly.

Practical Quantum Materials

As shown in section 3.2.1, a small number of discrete energy levels allowing for narrow

transitions between discrete electronic states is preferable to achieve low multi-photon

probability. However, naturally it will be necessary to extract the emission from the system

for it to be useful to us. Additionally, dephasing effects from phonon interactions and

coupling to other electronic states, will decrease the level of anti-correlation of emitters,

and make the material less usable. The typical strategy is to �nd an easily excitable electronic

subsystem in a material which is otherwise dif�cult to excite, allowing for isolation and

collection of emission from a single decay process. The �rst category of these materials

we might call "Hydrogen simulators", which are materials seeking to create the simplest

possible electronic state structure, to generate pure single photon states.

The most famous example is the "Rydberg atom", which can generally refer to any large

quantum number atom which has valence electrons mimicking a hydrogenic potential

(owing to the outer electron potential being largely shielded from the inner core poten-
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tial). In practice, these SPE sources are typically constructed of a small ( <10,00) number

of Rubidium atoms trapped in cryogenic conditions. These valence electron transitions,

when optically isolated, can produce visible-wavelength SPE. Some novel nonlinear optical

strategies may even be able to push these source to viability at room temperature [69].

While perhaps the most intuitive and elegant solution to the SPE source problem, Rydberg

atoms unfortunately tend to require extreme conditions to extract and con�ne such a small

number of individual atoms within an optical apparatus, which places limitations on the

scalability of the approach.

Another proli�c single photon source is the Lead-Halide perovskite quantum dot. Quan-

tum dots, with bright, narrow emission easily isolated from the surrounding material, pose

a promising alternative to hydrogenic solutions. Through extreme quantum con�nement,

the band structure of a quantum dot is condensed to a set of nearly �at, discrete energy

levels, which explains the sharp optical transitions observed. Furthermore, if the number

of radiative decay process is limited, for example via dampened multiexciton emission,

it is possible to isolate SPE from a single quantum dot emitter, even at room tempera-

tures [63]. Generally, the performance of these nano-devices can deliver bright SPE of

extremely low multi-photon probability, however these materials are highly susceptible to

photo-degradation over short time scales.

An obvious solution to the problems of photo-stability and scalability would be to �nd

a "solid-state" solution, or a set of optically-active electronic states in an otherwise inert

material. There are several examples of this approach using defect sites in wide-bandgap

semiconductors, headlined by the use of so called "color-centers" in diamond (5.5eV) [2].

In diamond, typically the diamond is detonated into small "nanodiamond" crystals ranging

from 5-100nm in size, which has two bene�ts: (a) to reduce the number of defect sites

in a single crystal as close to one as possible, and (b) to improve the optical collection
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from these materials, whose index-mismatch (n = 2.42) with air or oil makes emission

extraction inef�cient. The sources of SPE in diamond are well-documented, with the two

most dominant being the nitrogen vacancy NV 0 (575 nm / 2.16 eV) and NV� (637 nm / 1.95

eV) defects, representing a vacancy in the carbon lattice being �lled by a Nitrogen impurity

(and in the case of NV � , trapping an additional electron) [40]. In this case, the electronic

origin of SPE is simply the singularity of the electronic defect, which like a single Hydrogen

atom, can only absorb and emit radiation one photon at a time, resulting in a narrow visible

SPE transition. This transition, called the "zero-phonon line" or ZPL, is the analogue to the

narrow emission observed in a quantum dot, or a hydrogen emission line. However, owing

to the fact that the defect is embedded in a diamond lattice, there are major contributions

from phonons. Typically, phonon-mediated transitions will result in a red-shifting and

broadening of the ZPL transition, and is called the "phonon side-band", or PSB. At room

temperature, the PSB is so bright and broad, it dwarfs the ZPL entirely, as shown in Figure

3.36. However, while these effects are observed while integrating over multiple defect sites

or multiple emission events, critically each individual emission is still anti-correlated, and

thus even broadband collection over the PSB at room temperature can yield measurable

SPE[61]. Of course, at cryogenic temperatures, phonons are suppressed and the narrow

ZPL dominates, allowing for spectrally-�ltered collection.

Note: One point of confusion about NV centers in diamond is that they are potentially

useful in multiple different quantum computing schemes. While their use as a single photon

emitter is highlighted in this text, there is also signi�cant research into the use of the long

spin coherence time of the NV� defect for use as a spin-qubit in a solid-state electronic qubit

scheme, which may still rely on optical detection, but is unrelated to the use of SPE for optical

qubits [107].

Note: One frequently asked question: if we need single photons, why not just make a laser
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Figure 3.15: Model of diamond unit cell depicting the two dominant vacancy species, NV 0

(a) and NV � (b). (from [40]).

extremely dim? The answer will hopefully be clear for close readers of the previous sections.

In short, the answer is statistics. For an SPE source, the repetition rate (or the inter-photon

time delay) determines the brightness. It is the distribution of photons that de�nes SPE, not

the quantity. In principle, the only limitation to the timescale of anti-bunching which can be

tolerated is the minimum time resolution of our detection technique. Of course, the photon

Poissonian distribution becomes asymmetric when the mean photon �ux becomes very small,

and indeed even for a Poissonian source, there will be some predictable "single photon"

probability. While this is not the same as anti-bunched, sub-Poissonian emission, and there

will always be some �nite probability of multi-photon detection, this scheme has shown

suitability for some speci�c QKD applications [74].

Requirements for SPE in Quantum Photonics Applications

As an academic curiosity, the requirements for single photon emission are simply to observe

a near-zero second-order correlation at zero time-delay. This is a necessary, but insuf�cient

condition for use of SPE in a real quantum photonics device. For practical use, we have some
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additional requirements that will determine the feasibility of various "quantum materials".

Here is a non-exhaustive list in no particular order:

1. g(2)(0) � 0. For applications which intend to measure or entangle single photons, any

ambiguity in the photon number introduces experimental error. If these errors are

too high, it may not be possible to extract meaningful information from the �nal

detection state of the system. In short, we need a "pure" single photon source.

2. Tunable Polarization. To encode information using optical qubits, it is typical to

use orthogonal horizontal and vertical linear polarizations (or left and right-handed

polarizations). For improved ability to couple SPE into a photonic optical cavity, or to

gates which may perform polarization operations, tunable polarization will improve

device ef�ciency [80].

3. Room-Temperature. Many current medium and large-scale quantum computing

efforts (IBM, Google) rely on cryogenic superconducting solid-state qubits [8]. Fun-

damentally, optical qubits do not require cryogenic conditions, making them a com-

petitive alternative. However, if the SPE sources require cryogenic conditions, this

advantage is signi�cantly dampened. For real scalability and deployment outside of

lab conditions, room-temperature (or at least nitrogen-cooled) operation is critical.

4. Photo-Stable. While many possible quantum sources may produce bright SPE, if

those sources undergo photo-bleaching or de-tuning under photoexcitation, their

maximum performance will be limited. Worse, irreversible photo-degradation will

fundamentally limit the working lifespan of any SPE source.

5. Deterministic. One way of classifying SPE sources is to separate those which produce

a light output in response to light input, such as photoluminescence under pulsed
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optical excitation (deterministic), as distinct from sources which cannot provide

"on-demand" optical qubits, but instead whose emission contains a mixture of SPE

and non-SPE (chaotic / coherent light). A popular example is "heralded" SPE from

parametric down-conversion in nonlinear crystals, where single photons can be

"post-selected" by the use of an additional detection path [62]. These systems are

vastly simpler to implement, however their emission (without sorting via additional

information) is not technically SPE. An ideal quantum photonics application would

be able to generate SPE on-demand, and know the multi-photon probability of all

collected emission from the source is zero.

6. Tunable Wavelength. From a statistical perspective, the SPE wavelength is not im-

portant whatsoever. However, any SPE source coupled into an photonic circuit will

of course need to be compatible with the optical transmission modes, optical qubit

gates, and detection scheme of that device. This turns out to be a signi�cant challenge

in the construction of scalable photonic networks. Certain infrared wavelengths, espe-

cially 1550nm, are widely used in free-space and �ber telecommunications presently,

as they avoid certain water-vapor and Carbon Dioxide absorption bands which could

otherwise interfere with transmission. However, whether quantum photonics de-

vices will be able to also make use of the wavelengths depends signi�cantly on what

sources, gates, and detection schemes are developed. Ideally, an emitter which either

has multiple SPE lines or whose emission is tunable would help to make this inte-

gration possible, when the wavelength requirements of future photonics systems are

better de�ned.

7. Brightness / Emission Rate. For single photons, each photon is emitted one-at-

a-time, so the only way to increase source brightness is to increase the repetition
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rate or the collection ef�ciency. In the case of optical qubits, additionally the rate

of information transmission or processing is determined by the rate of generation

of optical qubits, or the brightness of the SPE source. For reference, it is common

for classical computation clock speeds to operate from 1-5GHz, or to have a period

of 0.2-1.0 ns. While it may not be necessary to achieve repetition rates of this exact

magnitude for quantum computation systems, it may limit their practicality if SPE

sources are too "slow".

8. Scalability. As noted in 1, error correction alone ensures that for complex algorithms,

the number of required qubits may be in the hundreds, thousands, or more. In such

systems, the size, heat generation, power ef�ciency, cooling requirements, data in-

terconnect speeds, etc all become essential engineering challenges. Therefore, SPE

sources which can be easily scaled for coupling to many different photonic chan-

nels (for example, a grid of solid-state defect sources coupled to a meta-structure of

waveguides) will be essential.

3.3 Methods

The quest to implement a single photon emitter in an photonic device involves optical

analysis at multiple stages, but for a variety of purposes. First, there is the use of optical

characterization techniques to identify and tune unique quantum materials. Steady-state

and time-resolved photoluminescence are both key players in this stage. Next, to begin

measurements of single emission sites in earnest, it is necessary to optically isolate small

sample regions through use of confocal spatial mapping microscopy. Finally, after iden-

ti�cation and isolation of each SPE source, the emission statistics can be characterized

through the use of second-order correlation spectroscopy. Each of these stages, while easy
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in words, represent a signi�cant challenge of both optical and materials physics, and will

be discussed at length below.

3.3.1 Optical Characterization

To aid in our analysis of wide-gap semiconductors at room temperature, we employed a

series of optical techniques to study the spatial, spectral, temporal and statistical properties

of the sample emission. A major portion of my experimental work during my PhD was the

construction of a multi-use optical station with multiple excitation and detection paths. It

can be used for multiple experiments, outlined as follows:

• Confocal Optical Microscopy

• Steady-State Photoluminescence, Raman & Re�ectance Microscopy

• Micro-Photoluminescence Mapping

• Time-Resolved-Photoluminescence

• Second-Order Correlation Spectroscopy

For reference, a complete schematic is shown in Figure 3.16.
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Figure 3.16: Schematic of optical microscopy apparatus, with ability to perform spectral,
spatial, temporal, and statistical characterization of nano-scale samples.

Confocal Optical Microscopy

Although our primary measurements involve characterization of �uorescent emission from

the sample, we also constructed a re�ectance visual microscope for locating speci�c sample

regions. Our visual microscope uses a LED light source in a Köhler illumination scheme,

which is then collected using a Nikon NA 0.9 100X objective. The back-re�ected white light

is redirected by a 50:50 beamsplitter into a 300mm tube lens, and �nally toward a Thorlabs

color CCD, where it can be monitored live via the ThorCAM software on a PC monitor. Here

is an example visible image of a USAF resolution test target:
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