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Abstract

At the core of next generation computing and communication paradigms lies the bur-

geoning field of quantum information science, which involves the encoding, commu-

nication, manipulation, and measurement of information using quantum-mechanical

objects. One key example is quantum cryptography, which relies on quantum key

distribution protocols to ensure secure communication channels. A vital enabling

technology for this application is the single photon source.

This thesis explores platforms for on-chip generation and extraction of single pho-

tons. First, we demonstrate a hybrid metal-dielectric nanocavity coupled to a single

quantum dot that emits single photons directly into free space. In introducing this

nanocavity, we conduct a detailed exploration of the design and subsequent nanofab-

rication of the device. Then, we introduce the design of a platform for high-purity

single photon generation based on a waveguide with a partially transmitting element

coupled to a photonic crystal cavity. This system generates single photons in an

integrated fashion and without loss, allowing for further processing on a single chip.

Finally, we test a method for angled fabrication of devices using a focused ion beam

(FIB) system. We probe the feasibility of this technique in two ways: (a) under-

cutting of a nanobeam in 4H-SiC, and (b) angled milling of high-efficiency grating

couplers using inverse design to convert from on-chip to free-space and vice versa.

Taken together, we hope these individual advances provide a framework upon which

to build in order to move closer to scalable, industry-ready single photon sources.
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Chapter 1

Introduction

For as far back as humans have used written communication, they have needed cryp-

tography to protect this communication from prying eyes. As time has passed, this

technology has improved from simple cyphers to the famous Enigma machines all the

way to modern digital cryptography. With the advent of the internet, however, the

stakes were raised as it enabled near-instantaneous communication across arbitrary

distances. In the early days of computers, a number of simple classical encryption

methods were introduced to solve the problem of secure communication. Of these,

arguably the most famous and widely used are those algorithms based on the diffi-

cult and costly problem of prime number factorization [1]. In these algorithms, the

hacker is challenged with factoring a very large semi-prime number, a number that is

the product of two primes. The initial versions of the algorithms were designed such

that computers at the time would need an intractable length of time to break the

encryption. As time passed and classical computers grew more powerful, so too did

encryption methods that either increased the size of the numbers or introduced even

harder problems for classical computers to solve. Regardless, this has not deterred

bad actors. Fig. 1.1 shows that a significant proportion of encrypted HTTPS traffic

is still intercepted, with the hope that one day the content of the communication can

1



CHAPTER 1. INTRODUCTION 2

be revealed. Worse yet, a new era of computation approaches, and with it comes a

paradigm-shifting threat.

Figure 1.1: Fraction of HTTPS traffic intercepted: Self-reported fraction of
total HTTPS traffic intercepted for the following services: updates to the Mozilla
Firefox web browser, all traffic to an unnamed e-commerce site, and the popular
content delivery and domain name service provider Cloudflare (adapted from [2]).

Quantum computers running a prime number factorization algorithm called Shor’s

algorithm [3] promise to make the once-impossible problem not only possible, but

trivial. In fact, such an encryption problem that would take a modern classical

computer 1 million years is predicted to be solved in only 10 seconds by a 1000-bit

quantum computer [4]. While the need for quantum error correction may delay this

inevitable technological leap, a number of mega-corporations including Microsoft and

Google join a myriad of start-ups including Rigetti and PsiQuantum in the race to

build the first working quantum computer.
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In response to this threat, there are two main approaches to fixing encryption

in preparation for the coming quantum computer, collectively dubbed post-quantum

cryptography [5]:

1. Developing more robust classical algorithms that are resistant to quantum com-

puters, which are appropriately called quantum-resistant algorithms. The ad-

vantage is that such algorithms would work on the existing physical infras-

tructure, while the disadvantages are that they are not proven secure and may

potentially be broken by further advances in computing.

2. Encrypting communication in the physical layer directly using the principles

of quantum mechanics, which is called quantum cryptography. The advantage

is that these algorithms are provably secure, but the disadvantages are that

they require a dedicated and costly physical architecture and have strict keying

requirements.

Here we will focus our discussion on the latter of these two approaches. It turns

out that the basis for secure communication in a physical layer was developed long

before the need for the technology became apparent. This protocol was introduced

by Bennett and Brassard in 1984, and hence bears the eponymous BB84 moniker [6].

Here we will summarize the basic working principles of BB84. In doing so we will

identify the need for technical advancement that this thesis aims to address.

1.1 The BB84 protocol

The BB84 protocol is a quantum key distribution (QKD) method for generating a

one-time-pad (OTP) that can be used to secure communication between two parties.

Let us assume a user Alice wants to send an encrypted message to another user Bob.

To secure the message, they must first generate a key with which to encrypt and
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decrypt the communication. As mentioned before, this is done in the physical layer,

and for the sake of argument they will be performing this operation using photons

transmitted over optical fiber. The only requirements are that Alice must be able to

generate and send photons in either of two orthogonal bases (in this case, polarization

bases), and Bob must be able to read the state of the photon in either of the same

two bases. The choice of which two bases to use, what physical architecture, etc. can

be publicly discussed without jeopardizing the security of the communication.

Figure 1.2: The BB84 protocol summarized: Alice and Bob generate a shared
sifted key using a quantum channel (e.g. photons transmitted and detected over
optical fiber) and a public channel (e.g. the internet). An eavesdropper Eve attempts
to steal their shared sifted key but is discovered if the BB84 protocol is executed
correctly. This diagram is adapted from [7].

The following is a simple summary of the basic working principles of the protocol,

and a summary of this protocol can be found in Fig. 1.2:

1. One at a time, Alice sends a photon prepared in a ‘0’ or ‘1’ bit in a randomly

chosen basis. For example, the vertical/horizontal basis may designate a ‘0’ as

horizontal and a ‘1’ as vertical. The other basis can be diagonal left/diagonal
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right.

2. On the other side, Bob chooses a random basis to measure in for each photon

arrival. If he chooses the same basis as Alice, he will measure the correct bit

value. But if he chooses the wrong basis, the photon will project onto either of

the two states in the wrong basis with a 50% probability, and hence there is a

50% chance he will measure the wrong bit value.

3. Now, over a public channel, Bob tells Alice which bases he chose for measure-

ments.

4. Over that same channel, Alice tells Bob which bits to keep based on those that

agree in basis choice. This forms a shared sifted key.

5. Finally, Alice and Bob publically share a portion of the shared key to see if they

agree. If they do, the communication channel is secure.

But how do they know the channel is indeed secure? Consider the following:

1. An eavesdropper Eve places a detector in the middle of the communication line

between Alice and Bob.

2. Like Bob, Eve also chooses a random basis to measure in and attempts to

pass along the photon to Bob as if the photon was unperturbed. However, it

is physically impossible for Eve to reproduce the state that was sent to her

due to the “no-cloning” theorem, which states that it is impossible to create

an identical copy of an arbitrary unknown quantum state. Imagine that Eve

simply sends the exact state she measures to Bob. If Eve and Alice chose

different bases, like before there is a 50% chance that the photon projects onto

either of the two states of the wrong basis, leading to a 50% chance of Eve

measuring the wrong bit value. If she passes this wrong state to Bob, this is
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where her plan falls short. Even if Bob chooses the same basis as Alice, there

is now a 50% chance he measures the wrong bit value.

3. The accumulated errors introduced by Eve’s actions would manifest as a dis-

crepancy in the publically shared portion of the shared sifted key. If the errors

are above some known threshold, Alice and Bob know their channel is not secure

and hence will cease to communicate over that channel.

It turns out that despite a large number of new QKD algorithms introduced in the

decades following BB84, BB84 is actually provably secure [8], but with one important

distinction. The protocol requires a perfect single photon source [9]. Future protocols

would solve this problem by allowing for secure communication even with realistic

imperfect sources of single photons or entangled photon pairs, but at the cost of

complexity. Regardless of the choice of algorithm, the need for better single photon

sources is evident. The most important metrics for single photon sources are:

• The brightness, which can be thought of as the number of single photon emission

events in a given unit of time.

• The purity, or alternatively the proportion of the total detected events that are

truly single photon emission events.

These metrics can be engineered with photonics, and it is these two metrics that will

be the focus of this thesis. The metrics will be discussed in a more rigorous manner

in the further chapters as they are addressed.

1.2 Overview of the thesis

In this thesis, we examine platforms and techniques for improving single photon

sources.
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In Chapter 2, we introduce and demonstrate a hybrid metal-dielectric cavity that

strongly modifies the optical density of states by confining the optical fields to an

ultra-small volume containing a single quantum emitter. This emitter-cavity system

shows bright and pure single photon emission into free-space and is presented as a

generic platform for new cavity quantum electrodynamic (CQED) experiments.

In Chapter 3, we propose a method for high-purity single-photon generation on-

chip. We show that by engineering a Fano resonance, we can selectively filter for

emission from the quantum emitter and reject light from the classical driving field.

In addition, we show that this can be realized in an integrated system that shows

promise for the future of integrated photonics.

Finally, in Chapter 4, we propose a set of techniques for future advancements

in the generation and extraction of single photons using focused ion beam (FIB)

systems. This is split into two separate efforts. The first is the use of FIB to undercut

nanobeams in 4-H SiC, a material that cannot be grown on a sacrificial layer. The

second is the FIB milling of an angled grating coupler for single photon extraction.

Collectively, these results provide a framework and possible roadmap for thinking

about solid-state single photon generation and extraction from a new perspective.



Chapter 2

Hybrid Metal-Dielectric Cavity for
Enhanced Light-Matter
Interactions

2.1 Introduction to cavity quantum electrodynam-

ics

When an electron in an atom transitions from a high energy state to a lower energy

state, it emits a photon in the process that has an energy equal to the difference

between the two states. Remarkably, if one can isolate this “spontaneous emission”

from just one state transition, it is even possible to observe a single photon at a time.

Single photon emission events are happening all the time from matter around us,

including but not limited to single atoms, ions, molecules, and solid-state emitters like

quantum dots and color centers. However, to maximize the metrics we introduced in

the previous chapter, engineering is required to modify the properties of the emission

from these types of matter.

This field of inquiry is called cavity quantum electrodynamics (CQED) [10]. It

involves placing emitters in small boxes for light called cavities. These take the form of

pairs of reflective mirrors that trap light, creating resonance. The size of these cavities,

8
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typically set by the distance between the two mirrors, sets the spectral (i.e. the

wavelength of the resonance) and spatial (i.e. the profile of the resonance) properties

of this so-called “mode”. As will be shown later, the strength of the coupling between

atom and cavity is dependent upon the spatial and spectral alignment between the

two. In this way, the restrictions set by the engineering of the cavity are imposed on

the emitter through this light-matter interaction, allowing us to engineer the emitter

indirectly through the cavity.

Since the interactions are occurring between quantized energy states both in light

and matter, we must leverage the formalism of quantum mechanics to understand

these dynamics. This is done by writing the system Hamiltonian, from which we

can calculate the energy landscape of a system and solve for its dynamics using

Schrödinger’s equation. While the full derivations are not reproduced here [11], we

will introduce the key results and discuss how we can use these to realize measurable

differences in the properties of light emitted from matter.

The majority of the physics in this thesis can be modeled with the simplest of

CQED systems. This is comprised of a two-level system (symbolizing an excited

and ground state in some form of matter) placed inside an optical cavity. Again, we

require a quantum mechanical treatment in order to capture the relevant phenomena.

The Hamiltonian for this system is:

H = HA +HF +Hint (2.1)
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where

HA =
h̄ν

2
σz (2.2)

HF = h̄ω

(
a†a+

1

2

)
(2.3)

Hint = ih̄
(
g∗ ( ~rA) a†σ− − g ( ~rA)σ+a

)
(2.4)

and

g ( ~rA) = g0ψ ( ~rA) cos (ξ) (2.5)

where

g0 =
µeg
h̄

√
h̄ω

2εMVmode
(2.6)

ψ ( ~rA) =
E ( ~rA)

|E ( ~rM)|
(2.7)

cos (ξ) =
~µeg · ê
µeg

(2.8)

Here, ν is the transition frequency between the two atomic levels of the two level

system (TLS) and ω is the optical cavity mode frequency. Furthermore, σz =

|ex〉 〈ex| − |g〉 〈g| is the population operator, a† and a are the cavity mode pho-

ton creation and annihilation operators, respectively, and σ+ and σ− are atom raising

and lowering operators. respectively. The interaction between atom and cavity is

proportional to the atom-cavity coupling parameter g, which as the above equations

show scales with the alignment of the atom to the cavity’s electric field (ψ ( ~rA)) and

the alignment of the atom’s dipole moment to the polarization of the electric field

(cos (ξ)). It is also inversely proportional to the square-root of the mode volume

Vmode. In ψ ( ~rA), E ( ~rA) is the electric field at the location of the atom and |E ( ~rM)|

is the maximum electric field. In cos (ξ), ~µeg is the dipole moment of the atom and ê
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is the polarization of the electric field. Finally,

Vmode =

∫∫∫
ε (~r)

∣∣∣ ~E (~r)
∣∣∣2 d3~r

εM

∣∣∣ ~E ( ~rM)
∣∣∣2 (2.9)

and hence the mode volume is smaller as the field becomes more tightly concentrated.

This Hamiltonian is called the Jaynes-Cummings Hamiltonian and describes the

coupling between atom and cavity in the absence of losses. As shown in Eq. 2.1,

it includes three components, where HA is the Hamiltonian for the atom, HF is

the Hamiltonian for the cavity field, and Hint is the Hamiltonian for the interaction

between atom and cavity. It is this last Hamiltonian that is of interest to us because

the coupling parameter g can be engineered following Eq. 2.5. For example, one can

modify: (a) g0 by designing a cavity with a specific Vmode, (b) ψ ( ~rA) by controlling

the placement of the emitter or the spatial profile of the cavity mode, and (c) cos (ξ)

by designing a cavity mode with a specific polarization.

However, this picture is not complete for a realistic system. To describe observable

phenomena, we must introduce losses. We define the cavity field decay rate κ = ω/2Q

that describes the rate of decay of the cavity mode, and the emitter decay rate γ

that describes the decay rate through all modes other than the cavity mode and

non-radiative decay routes. The full Jaynes-Cummings Hamiltonian with all losses

included is:

H = HA +HF +Hint +HR +HFR +HFO +HAFO (2.10)
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where

HFO =
∑
~k

h̄ω~k

(
a†~ka~k +

1

2

)
(2.11)

HAFO =
∑
~k

ih̄
(
g∗~k ( ~rA) a†~kσ− − g~k ( ~rA)σ+a~k

)
(2.12)

HR =
∑
~k

h̄ω~k

(
b~kb~k +

1

2

)
(2.13)

HFR = h̄
∑
~k

g~k,c

(
b†~kac + a†cb~k

)
(2.14)

Here, b† and b are the annihilation and creation operators for modes in the reservoir,

and gk,c is the coupling constant between the cavity mode and a reservoir mode.

Hence we have included losses due to coupling between the atom and modes other

than the cavity mode (HFO, HAFO), in addition to coupling between the cavity mode

and a reservoir of harmonic oscillators (HR, HFR). The key simplification we can

make is to treat this problem in two distinct regimes. Depending on the ratio of g to

the rates κ and γ, the system can be said to either be in the strong-coupling regime

for |g| > κ, γ or the weak-coupling regime for |g| < κ, γ. We discuss both regimes in

this thesis, but the discussion of strong-coupling will be left for Chapter 3. For the

purpose of the metal-dielectric cavity, we will explore the weak-coupling regime here

in greater detail.

2.2 CQED in the weak-coupling regime

In the weak-coupling regime, the decay rates dominate over the coherent coupling

rate. For solid-state systems, typically γ is much lower than κ and hence we look at

the case where κ > g. One of the key features of the weak-coupling regime is that

the cavity mediates the transfer of energy from the atom to free space (the atom
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transfers its excitation to the cavity, but the cavity decays before the energy can be

transferred back). In order to capture the relevant physics for this case, we use the

Jaynes-Cummings Hamiltonian that includes loss. For simplicity, we can use:

H = HA +HF +Hint +HR +HFR (2.15)

and hence assume the atom couples only to a single cavity mode. Directly from the

Hamiltonian above [12], we can solve for the occupancy of the excited state as a

function of time. The decay rate for the excited state is:

Γ =
2 |g ( ~rA)|2

κ
(2.16)

We can define an enhancement to the rate of spontaneous emission relative to an

atom in a uniform dielectric constant. The rate of spontaneous emission in a uniform

medium follows the Einstein A coefficient. After substituting in that expression, as

well as expressions for g and κ, it can be shown that this ratio is:

F =
Γ

Γ0

=
3

4π2

(
λ

n

)3
Q

Vmode
(2.17)

where Q is the quality factor of the mode, which is equal to 2π times the number of

optical cycles required for the energy in the cavity to fall to 1/e of its original value,

λ is the wavelength of the cavity mode, and n is the refractive index of the dielectric.

This factor F is deemed the Purcell Factor. Simplistically, F can be viewed as

a knob for single-photon source brightness, as higher F indicates a faster rate of

spontaneous emission and hence a larger number of single-photon emission events in

a given period of time. Hence , as g2/κ is proportional to Q/V , we can increase Q/V

to maximize F and hence improve single photon source brightness.



CHAPTER 2. HYBRID METAL-DIELECTRIC CAVITY 14

Micropillar Photonic crystal Nanobeam Microtoroid
cavity cavity cavity cavity

g/2π GHz 4 22 27 3
κ/2π GHz 5 11 13 1
γ/2π GHz 4 1 3 0.6

Q 60,000 30,000 30,000 400,000

Table 2.1: Summary of dielectric solid-state CQED platforms: A sampling
of different dielectric cavity designs and the associated CQED parameters for each
system (adapted from [21]).

2.3 Motivation for this work

The field of solid-state CQED has marched towards ever-increasing Purcell Factors

and atom-field coupling parameters for nearly the past two decades [13–16]. For

example, whispering gallery GaAs microdisk resonators exhibit mode volumes V ∼

5 (λ/n)3 and coupling to InAs quantum dots with rate g/2π ∼ 2 − 3 GHz [17].

Planar photonic crystal nanocavities possess an order of magnitude smaller mode

volume V ∼ 0.5 (λ/n)3 with light-matter coupling strengths up to g/2π ∼ 40 GHz

[18–20]. Table 2.1 summarizes characteristic values for the dielectric resonators most

commonly used in solid-state CQED.

Moving beyond this nanophotonic CQED regime and achieving g/2π > 40 GHz re-

quires coupling a single QE to a nanoscale cavity characterized by deep sub-wavelength

optical confinement [22, 23], as shown in Fig. 2.1. While recent work theoretically

demonstrates the ability to reach ultra-small V with dielectric cavities [24], exper-

imental efforts have focused primarily on nano-metallic cavities and, in particular,

plasmonic cavities that can shrink the effective optical wavelength. For example,

continued work on the now common nanoparticle-on-mirror (NPOM) geometry [25]

has led to room-temperature strong coupling between the NPOM cavity and organic

fluorophores [26]. However, there have been no related reports involving solid-state
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emitters such as defect centers in crystal lattices or self-assembled emitters such as the

InAs quantum dot (QD), which is of great interest for quantum light sources thanks

to its large internal quantum efficiency and short radiative lifetime [27]. In order to

reach this regime with such emitters, we require a cavity that can achieve ultra-small

V without resorting to plasmonic effects, as solid-state emitters have been shown to

quench in the presence of metal surfaces less than 40 nm away[28].

Figure 2.1: Trajectory of solid-state CQED systems: The field continues to move
towards ever-smaller mode volumes in the pursuit of miniaturization for improved
scalability and increased interaction strengths

In this chapter [29], we investigate a hybrid metal-dielectric CQED system that

is a variation of recent theoretical proposals [14, 30] and an integrated solid-state

alternative to early demonstrations with other emitters such as dye molecules and

colloidal quantum dots [31–35]. Notably, our modification allows for surface emission

and hence good collection efficiency compared both to the bulk and to fully embedded

geometries that require optical addressing through a substrate. We propose this

geometry as a general platform for quantum photonics and discuss the fabrication

challenges inherent to surface-emitting metal-dielectric material interfacing. Finally,
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we demonstrate broadband enhancement of the rate of spontaneous emission of a QD

as well as single-photon emission as a proof-of-concept for the platforms potential for

strong light-matter interactions. The proposed platform may play an important role

in the studies of fundamentals of cavity quantum electrodynamics [10] as well as in its

application to optical interconnects [36] and quantum information processing [37–39].

Figure 2.2: Schematic depiction of the hybrid metal(εm)-dielectric(εd)
nanocavity: (a) top-down and (b) side views. FDTD simulation of the nanocylin-
der cavity field intensity |Ex|2 for the x-polarized TE11 waveguide mode viewed in
the nanocylinder cross-section (c) and along the nanocylinder axis (d).
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2.4 Structure and modeling of the hybrid metal-

dielectric nanocavity

Our nanocavity consists of a dielectric nanopillar surrounded by a metallic film

on all sides but left bare on the top surface as shown in Figs. 2.2(a) and 2.2(b).

This nanopillar behaves as a cylindrical waveguide with guided TE and TM modes

that are confined vertically by an impedance mismatch between the air, waveguide,

and underlying substrate. This mismatch gives rise to a weak Fabry-Perot effect that

leads to a standing wave in the vertical direction. Using the finite-difference time-

domain (FDTD) method, we simulate the fundamental TE11 nanocylinder mode of

a GaAs (n = 3.46) nanopillar with r = 50 nm and h = 200 nm that is surrounded by

a Ag [40] film, as shown in Figs. 2.2(c) and 2.2(d). We note that the in-plane field

profile mimics that of the textbook cylindrical waveguide, while the vertical profile

demonstrates confinement in the top half of the pillar, as expected given the smaller

impedance mismatch between the effective index of the waveguide and air. The pillar

supports degenerate x̂ and ŷ polarized TE11 waveguide modes but we concentrate

our ensuing discussion on one polarization. Finite-difference time-domain simulations

show that the nanocavities possess resonances with optimal quality factor Q ∼ 25 and

ultra-small mode volumes V ∼ 0.025 (λ/n)3 at the emission wavelength according to

this modified expression for mode volume in the case of materials with a negative real

part of the dielectric constant [41]:

V =

∫∫∫
δ(ωε(r))

δω

∣∣∣ ~E(~r)
∣∣∣2 dV

max

(
δ(ωε(r))
δω

∣∣∣ ~E(~r)
∣∣∣2) (2.18)
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A QE embedded within the nanocavity may decay via emission of a photon po-

larized into either of the orthogonal TE11 nanocylinder modes. Moreover, the spon-

taneous emission rate is enhanced from the bulk rate due to the enhanced density

of optical states (Purcell effect). The cavity exhibits a maximum achievable Purcell

factor Fp = τBulk/τCavity ∼ 35 which agrees with the FDTD simulation in Fig. 2.3.

Here, rather than calculating the Purcell Factor indirectly from Q and V , we simu-

late the Purcell Factor by FDTD. As we discussed, the Purcell Factor is correlated

directly to the number of single-photon emission events in a given period of time.

Hence, in a classical simulation like FDTD, we can perform an equivalent calculation

by measuring the power emitted by a dipole in a cavity compared to a dipole in a

uniform dielectric material. This ratio is exactly equivalent to the Purcell Factor and

is shown in Fig. 2.3. In this case, application of the dipole approximation is valid

despite the small size of the cavity since the gradient of the field at the QD position

is negligible when near the field maximum [42].

In practice, solid-state QEs can spectrally cover a wide range of both the visible

and near-infrared regimes of the electromagnetic spectrum. In addition, emitters

can be spatially located at arbitrary depths in their host substrates, but only in

the case of growth processes allowing for precise control of depth such as molecular

beam epitaxy. For strong light-matter interaction, the nanocavity must be designed

such that the fundamental mode is both spectrally aligned with the emitter’s optical

transition and spatially concentrated such that the field maximum lies at the emitter’s

location. In order to satisfy these conditions for an arbitrary emitter, we present

detailed FDTD simulations showing the mode-dependence on key geometric features:

nanopillar radius and height.

First, we investigate tuning of the resonance as a function of the nanopillar ra-

dius. The resonance dramatically red-shifts for increasing radius, consistent with an

increasing waveguide effective index, as shown in Fig. 2.4(a). Hence, small radius
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Figure 2.3: FDTD simulation of Purcell factor as a function of emission wave-
length for an r = 50 nm, h = 200 nm cavity, demonstrating an approximate Q ∼ 25.

modifications can be utilized as a coarse adjustment for spectral alignment. The ra-

dius can be arbitrarily small but will be practically limited by fabrication constraints

and quenching of emitters if they are positioned too close to interfaces. On the other

hand, we note that beyond a particular radius that depends on the specific material

system, the higher-order cylindrical waveguide modes will be above cutoff and hence

the nanocavity will enter the undesired multi-mode regime. Operation in the higher

order mode regime results in an enlarged mode volume and has the potential to shift

the spatial field maximum off of the QE target depth.

We then perform a similar analysis by varying pillar height in Fig. 2.4(b). Varying

pillar height can be utilized for emitter spatial alignment in the vertical direction given

that the field is confined to the top half of the pillar. Hence, a taller pillar may be used

for emitters that are deeper into the substrate and vice versa. Spectrally, we observe
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Figure 2.4: FDTD parameter study of nanocavity resonances (a) as a function
of radius r, for pillar height h = 200 nm and (b) as a function of pillar height h,
for a fixed pillar radius r = 50 nm. These results demonstrate cavity resonance shift
as a function of the pillar parameters in line with the intuitive description of the
nanocavity as a Fabry-Perot terminated cylindrical waveguide. Here, refractive index
of the pillar is n = 3.46 corresponding to GaAs at a temperature of 10 K in the studied
wavelength range, and the pillar coating is Ag with permittivity ε = −43.464+0.527i
from optical constant data [40].

a redshift for increasing height, which is consistent with increasing the length of a

Fabry-Perot cavity in line with our intuitive model. This redshift is less pronounced

than for an equivalent change in pillar diameter, and therefore can be considered a

finer adjustment for spectral alignment. Realistically, the pillar height can only be as

small as the diameter of the pillar, given that the Fabry-Perot terminated waveguide

picture breaks down below a 1:1 aspect ratio and the nanocavity will no longer support

cylindrical waveguide modes. On the other hand, the high aspect ratios required for

increased pillar heights present increased demands on multiple steps in the fabrication

process including the etch and metallization.

Therefore, there exists a tradeoff between maintaining the desired electromagnetic

landscape and allowing for a design that can be fabricated reliably. Despite this
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tradeoff, there remains a large parameter space of radii and heights that can be

tailored to an emitter of interest as evidenced above.

2.5 Results and discussion

2.5.1 Nanofabrication strategies and challenges

Figure 2.5: Key properties of the InAs QD: (a) AFM scan of a GaAs wafer
with uncapped InAs QDs showing the typical random distribution of QDs in a wafer.
(b) TEM cross-section of a single InAs QD, showing the relevant size scale of a QD
that emits in the near-IR (TEM image courtesy of Finley group, TUM ). (c) Typical
spectrum of a single InAs QD. Note that inhomogeneous broadening causes different
InAs QDs to emit at a range of wavelengths around a center wavelength.

The proof-of-concept structure is realized in the well-established InAs/GaAs quan-

tum dot platform. Our QE is a bound electron-hole pair (neutral exciton X0) confined

in a self-assembled InAs quantum dot grown in a random distribution (Fig. 2.5(a))

by the Stranski-Krastanov process in a molecular beam epitaxy system. Individual

InAs quantum dots (Fig. 2.5(b)) are roughly ∼ 20 nm in lateral cross section and

about 3 nm tall, and are located ∼ 100 nm below the top surface of the GaAs wafer.

InAs QDs have a tunable emission wavelength based on size. In this work the InAs

QDs are grown to have emission centered around λ ∼ 930 nm. A representative

spectrum for a single InAs QD is shown in Fig. 2.5(c). We note that this process can

be adapted to any material system that exhibits QEs provided a reliable anisotropic

etch recipe exists.
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Figure 2.6: Fabrication process flow of the metal-dielectric nanocavity: The
definition of the nanocavity is done in five major steps. The nanocavities can be as
close as 1 µm apart from each other for dense patterning.

The metal-dielectric nanocavity fabrication process is summarized in Fig. 2.6.

The cavity is defined in a resist layer using a 100 kV electron-beam lithography

system (JEOL 6300-FS) and a process based on a negative-tone electron-beam resist

(ma-N 2405). The high acceleration voltage allows for resolution of circular pillars

with diameters as low as 70 nm due to minimal forward scattering in the resist

layer. The negative-tone process allows for fast and compact exposure of devices on

a chip, minimizing deleterious backwards scattering that can lead to overexposure.

The devices are exposed in a periodic pattern and align to randomly positioned QDs

in a purely stochastic manner.

The resist pattern is transferred to the device layer with an inductively-coupled

plasma reactive-ion etch process (Oxford Instruments PlasmaPro). The devices are

etched using BCl3 at a flow rate of 2 sccm and Ar at a flow rate of 28 sccm, with a

chamber pressure of 2 mTorr and driving powers of 60 W of RF power and 450 W of
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Figure 2.7: Vertical profile of the metal-dielectric nanocavity: (a) SEM mi-
crograph of a bare pillar with resist mask removed to show the vertical etch profile.
For actual devices, the resist mask is used to lift off metal after the angled rotational
deposition process, leaving an uncapped pillar that is surrounded by metal (inset of
a). (b) |Ex|2 of a pillar with a 20 nm air gap to the metal wall, showing field lo-
calization in the gap, with an SEM micrograph of a fabricated pillar with standard
top-down metal deposition that exhibits the air gap (inset of b).

ICP power. This balance of physical and chemical etching results in a highly vertical

sidewall etch profile as shown in Fig. 2.7(a).

The nanocavity requires a surrounding Ag film that conformally coats the sidewalls

of the pillar. The presence of any air gap between metal and dielectric precludes the

TE11 mode and leads to field localization in air and hence diminished interaction

with embedded solid-state QEs at their frequencies of emission, as shown in Fig.

2.7(b). Conventional electron-beam or thermal metal evaporation cannot satisfy this

requirement as it is anisotropic and hence experiences a self-shadowing effect as metal

accumulates on the resist mask used for liftoff, as shown in the inset of Fig. 2.7(b).

For this reason, a common strategy in other metal-dielectric devices is to remove the

resist mask before capping the entire device in a metal film. However, this correlates

with drastically reduced extraction efficiencies due to collection through the substrate.

Here we devise and demonstrate an approach to conformally coat the sidewalls of a
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pillar without coating the top to allow for surface emission. We evaporate Ag using

a custom electron-beam metal evaporation system based on an extensively modified

NRC basic pumping station. This system uniquely allows for rotation about an axis

that can tilt along with the substrate (a so-called planetary evaporator). We evaporate

onto etched devices that are rotating about an axis tilted at 45◦, allowing for metal

to accumulate directly on the walls of the pillar as shown in the inset of Fig. 2.7(a).

Finally, the remaining resist mask can easily be removed using n-methyl-2-pyrrolidone

in an ultrasonic bath.

We note that for any device with a vertical sidewall and a high aspect ratio, metal

coating with evaporation or sputtering will likely result in voids due to the afore-

mentioned shadowing phenomenon even for fully embedded structures. We propose

that our scheme for angled rotational deposition be used for any device requiring a

conformal metal coating.

2.5.2 Optical characterization and photon statistics measure-
ments

For the following measurements, the InAs quantum dot is contained within a GaAs

nanopillar of radius r ∼ 40−50 nm and height h ∼ 200 nm that is surrounded by a Ag

film. The QD is located at a local field intensity of E/Emax = 0.8 due to suboptimal

vertical positioning. The measurements are taken in a helium-flow cryostat at a

temperature of 10 K, though we note that this platform can easily be extended to

room-temperature operation given a QE that maintains electron confinement at high

temperatures.

Roughly one in ten fabricated cavities exhibits multiple emission lines from a

variety of QD states, including the neutral exciton (X0), charged exciton (X−, X+)

and bi-exciton (XX). The intensity of these quantum dots for well-coupled QD-cavity

systems is quite bright with approximately ∼ 8 − 10x improvement compared to
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individual lines addressed in a bare nanopillar, as shown in Fig. 2.8(a). Due to the

inability to isolate single QD exciton lines in bulk at the growth densities used in this

experiment, we perform the reference measurement on a bare pillar of radius∼ 200 nm

such that a single exciton line can be isolated without affecting the photonic density

of states. In some of the nanometallic cavity devices (not used for the presented

experiments), significant broadening of all transitions suggests that the quantum dots

were located in close proximity to the GaAs/Ag interface.

With the numerical aperture NA ∼ 0.75 lens used in our experimental setup,

FDTD simulations indicate that the lens collects ηcol,c ∼ 7% of the photons coupled

to the nanocavity mode assuming negligible loss due to metal absorption of photons

emitted by the cavity mode. For a bare nanopillar with the size used in the reference

measurements, the same lens collects ηcol,p ∼ 3% of photons. Beyond this improve-

ment in collection efficiency, any further enhancement provided by the nanometallic

cavity relative to a bare pillar is subsequently evaluated as a Purcell effect. We note

that FDTD simulations show both the cavity and a bare pillar exhibit improvements

over the collection efficiency ηcol,b ∼ 1.5% of a QD dipole in unprocessed bulk material.

After demonstrating that we may optically isolate a single exciton line in the

cavity, we now characterize its properties as a single photon source. To do so, we

measure the number of single photon counts detected per second (CPS) as a function

of incident optical pump power (P, measured before the objective lens) under quasi-

resonant pulsed excitation and present this data in Fig. 2.8(b). We perform pulsed

excitation with an 80 MHz repetition rate. As is expected for a two-level system,

we observe that the number of single photon counts increases linearly at low pump

power and saturates at high powers [43]. Fitting photon counts data to a saturation

model with the form

CPSSAT = CPSBG + CPSLIN · P + CPS0(1− e−P/PSAT ) (2.19)
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Figure 2.8: Optical characterization of a metal-dielectric nanocavity: (a)
Representative photoluminescence spectrum of a nanocavity containing a single quan-
tum dot. The single exciton (X) line is highlighted for coupling to the nanometallic
cavity Xc (black) and a reference bare pillar Xp (green) that are offset horizontally
(0.8 nm) and vertically (arbitrary) for clarity. (b) Total number of single photons
collected per second (black circles) for quasi-resonant excitation of the exciton line
Xc. The horizontal axis corresponds to incident power, measured before the objective
lens, and the source is excited with pulses at an 80 MHz repetition rate. The data
is fit to a saturation model (dashed red line). (c) Intensity autocorrelation g(2)(τ)
measurements filtered on the single exciton line well above saturation powers show
strong photon anti-bunching. (d) Fluorescence decay measurements (black circles)
with an exponential decay fit (red line) taken with a streak camera for an exciton line
in a hybrid metal-dielectric nanocavity, showing 8-fold enhancement in the radiative
decay rate (spontaneous emission) over an exciton line in a bare pillar (inset).
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gives (CPSBG, CPSLIN , CPS0, PSAT ) = (860, 6.4nW−1, 1.35·105, 435nW ). The con-

stant background comes from detector dark counts, while linear background is due

primarily to counts from the pump laser. Considering that we utilize pulsed excita-

tion with repetition period much longer than the excitonic lifetime, the saturation

power is not dependent on the modified excitonic lifetime. However, the single pho-

ton counts in continuous-wave saturation are thanks to strong Purcell enhancement

in addition to an improvement in collection efficiency coming from the structure ge-

ometry. We note that with a detector efficiency of ∼ 40%, a collection efficiency of

7%, a setup transmissivity of ∼ 22%, and ∼ 105 kCPS collected at saturation from

the orthogonal y-polarized cavity mode (data not shown), the total count rate of 240

kCPS remains under the theoretical count rate of 500 kCPS for an 80 MHz repetition

rate laser. We attribute the remaining discrepancy to metal absorption of photons

emitted from the cavity mode on the order of ∼ 50%, leading to an overall source

efficiency η ∼ 4%. With superior metal deposition techniques that lead to higher

quality films, the source efficiency can approach the theoretical efficiency of 7%.

The key character of single-photon emission is measured by the Hanbury Brown

and Twiss (HBT) experiment. This experiment can be described very simply. A

single photon incident on a 50/50 beamsplitter can not traverse both output paths

of the beamsplitter simultaneously. Hence, if one places a single-photon detector

at the outputs of the beamsplitter, those two detectors should never click at the

same time. Typically the detection times of the two detectors are recorded and

a histogramming tool plots these detection events as a function of the delay time

between the two detectors. In this formalism, there should be no detection events

at zero time delay. This plot is converted to a normalized value called the degree

of second-order coherence, or g2 (τ), and this is shown in Fig. 2.8(c) when filtered

on the neutral exciton line Xc for quasi-resonant excitation. The definition of this
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function is:

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2

(2.20)

and for a single-photon emitter, ideally g2 (0) = 0. The HBT experiment shows

strong anti-bunching g
(2)
Xc
∼ 0.12, which confirms the presence of a single QE coupled

to the cavity mode. To extract this number as well as g(2)(0) for the nearest peak,

we compare the counts at each peak to the counts for a peak far from the zero-delay

point, as nearby peaks experience bunching due to QD-blinking [44]. While g(2)(0) is

quite low, the value is non-zero due to re-excitation under quasi-resonant excitation

of the neutral exciton from other states in the QD complex, such as the bi-exciton

and charged exciton [45, 46].

We continue with a characterization of the dynamics of single photon generation

by the nanocylinder cavity. First, we establish the roughly unmodified spontaneous

emission decay τBulk = 1.02± 0.033 ns via pulsed excitation of an exciton in a large

non-metallized nanopillar device and imaging on a streak camera in the inset of Fig.

2.8(d). Next, we performed the same measurement for the exciton coupled to the

mode of our nanometallic cavity. We observe a modified QD lifetime of τc = 142± 7

ps in Fig. 2.8(d). Justified by the large single photon counts observed from this

device, we attribute the full intensity decay rate modification to the radiative effects,

and estimate Purcell factor Fp,c ∼ 7−8 for a single quantum dot. Because the metallic

losses only affect the damping of the cavity mode (and not of the emitter itself, based

on the unmodified emitter linewidth in a nanometallic cavity), the calculation of the

Purcell factor can be performed in the same way as for a lossy dielectric cavity. Such

a Purcell factor would already redirect nearly all of the QD spontaneous emission into

the nanocavity mode, with the spontaneous emission coupling factor β = Fp

Fp+1
being

near unity.

In addition to the effects on emission rates, the hybrid metal-dielectric cavity also
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Figure 2.9: K-space image of a metal-dielectric nanocavity for (a) x̂ and (b)
ŷ polarizations, respectively, showing the distribution of emission angles. In (c) and
(d), a line scan is taken through the middle of the full k-space images in (a) and (b),
and experimental data (black circles) is plotted next to simulation results (red line).

acts as an antenna that directs emission into a Gaussian far-field pattern. Figs. 2.9(a-

b) show a k-space image of emission collected from a cavity for the two orthogonal x̂

and ŷ polarizations. The emission exhibits a Gaussian pattern such that the majority

of light can be collected with a standard microscope objective or optical fiber. Figs.

2.9(c-d) show line scans of the far-field profile for both polarizations and prove strong

agreement with simulations (red line) that accurately predict the geometric effects of

the nanocavity.

Finally, we conclude the discussion with two advanced features of the nanocavity

that show promise for future applications of this platform. First, we demonstrate
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Figure 2.10: Broadband Purcell enhancement in a metal-dielectric cavity:
(a) Streak camera plot showing simultaneous time and wavelength resolution, with
relevant states labeled. Both the biexciton (XX) and exciton (X) are Purcell en-
hanced. (b) Energy diagram of the proposed method for entangled photon pair
generation in InAs QDs. The splitting S can potentially destroy entanglement but
this effect is mitigated by Purcell enhancement.

broadband Purcell enhancement such that both the bi-exciton and exciton states are

simultaneously enhanced. Fig. 2.10(a) shows strong modification of the characteristic

decay time for both states as measured by a streak camera. This is significant because

there exists a strategy for entangled photon pair generation based on the bi-excitonic

cascade in InAs QDs [47]. Fig. 2.10(b) illustrates the working principle behind this

phenomenon. When excited, the bi-exciton can decay through one of two pathways,

emitting either two horizontally-polarized photons or two vertically-polarized pho-

tons. Typically, there exists a small energy splitting between the excitonic states

that reveal “which-path” information that destroys the entanglement. However, with

strong Purcell enhancement, the two excitonic energy states can be “smeared” out

according to the time-energy uncertainty relationship such that they overlap enough

to obscure this “which-path” information. Hence, increasing Purcell enhancement
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serves as a knob for increasing entanglement purity. Entangled photon pairs have

myriad applications in advanced QKD algorithms and other technologies like quan-

tum repeaters.

Figure 2.11: Zeeman splitting in a metal-dielectric cavity: (a) Optical spec-
trum of the charged exciton (X−) of an InAS QD inside a metal-dielectric cavity as
a function of detection polarization at a magnetic field of B = 5 T. (b) Energy level
diagram of the “double-lambda” system created by the Zeeman splitting with the
associated polarization selection rules.

Another advanced feature is the Purcell enhancement of the charged exciton, in

which there exists a spin that can be manipulated by an external magnetic field [48].

Fig. 2.11(a) shows the characteristic Zeeman splitting at B = 5 T for varying polarizer

angle. The Zeeman splitting at all polarization angles shows the utility of the bi-modal

nature of the metal-dielectric cavity. When the spin-up and spin-down states are split

in this fashion, a “double-lambda” system is formed, whose level structure is pictured

in Fig. 2.11(b). By starting in a ground state, the system can be raised to one of the

two excited states such that it decays to the other of the two ground states. Because

the ground states have very long coherence times (e.g. spin-spin relaxation times

up to 39 ns [49]), this system can be used as a quantum memory. This is dubbed
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a spin-photon interface, where the advantage is that we are combining the memory

characteristic of the spin with the efficient transfer of information of photons. By

Purcell enhancing this exciton, the number of state manipulations one can do within

a given coherence time is increased. This is one of the more important metrics in the

evaluation of candidate technologies for qubits in future quantum computers.

2.6 Outlook

In conclusion, we have demonstrated a novel and versatile light-matter interface for

single QEs featuring a hybrid metal-dielectric nanocavity. Key features of our plat-

form include very small mode volume, a surface emitting nanoscale cylindrical geom-

etry, and strong and broadband spontaneous emission rate modification via metallic

confinement. Furthermore, we demonstrated a method for conformal metal deposi-

tion even for structures that require a bare top for surface emission that has broad

applicability to various designs. In the future, even smaller mode volumes can be

achieved using coaxial structures that would equally benefit from the fabrication

improvements demonstrated here. Finally, this light-matter interface can also be im-

plemented in emerging room-temperature quantum systems such as diamond [35] and

silicon carbide [36]. With sufficient QE density in such systems, this nanocavity can

be a candidate for room-temperature strong coupling between an ultra-small mode

volume cavity and a solid-state QE.



Chapter 3

On-chip Architecture for
Self-Homodyned Non-classical
Light

3.1 CQED in the strong-coupling regime

In Chapter 2, we introduced the Jaynes-Cummings Hamiltonian and discussed the

case of weak-coupling. Here we continue the discussion by expanding on the strong-

coupling regime, which is relevant in the following chapter. In the strong-coupling

regime, energy is transferred between atom and cavity before it can decay through

any of the potential decay channels (i.e. g > κ, γ). In the limit of g � κ we can

use the lossless Jaynes-Cummings Hamiltonian from Eq. 2.1. By solving the time-

dependent Schrödinger’s equation it can be shown that the probability of finding the

excitation in either the atom or cavity as a function of time follows the coefficients:

|Cg,n+1 (t)|2 =
1− cos

(
2 |g ( ~rA)|

√
n+ 1t

)
2

(3.1)

|Ce,n (t)|2 =
1 + cos

(
2 |g ( ~rA)|

√
n+ 1t

)
2

(3.2)
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which describe the energy being exchanged between the two states sinusoidally. This

is called the Rabi oscillation.

Much like a coupled spring-mass system, this energy coupling leads to normal

mode splitting that can be resolved spectrally. It can be shown that the eigenenergies

of the coupled system are:

E± = h̄ω (n+ 1)±

√(
h̄δ

2

)2

+ h̄2 |g|2 (n+ 1) (3.3)

where δ is the detuning between atom and cavity and n is the number of photons in

the cavity. The corresponding eigenstates are:

E+ : |1, n〉 =
|ex, n〉+ |g, n+ 1〉√

2
(3.4)

E− : |2, n〉 =
|ex, n〉 − |g, n+ 1〉√

2
(3.5)

Hence, rather than the bare states |ex, n〉 and |g, n+ 1〉 which are the eigenstates

of the Hamiltonian without the interaction between atom and cavity, we have the

dressed states |1, n〉 and |2, n〉 which are eigenstates of the full Hamiltonian. Because

these dressed states are now entangled states of light and matter, they are often called

polaritons. It is the spectral resolution of these split states that acts as the proof of

strong-coupling, and has been shown notably in the InAs/GaAs quantum system [50].

One of the most remarkable features of the dressed states is that the splitting

between the states depends on the number of photons in the cavity, or what “rung of

the ladder” the system currently occupies. This anharmonicity is what allows a range

of features including quantum light generation. We will now explore these phenomena

in greater detail.
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3.2 Emission from a Jaynes-Cummings system

Here we analyze a quantum two-level system such as a neutrally charged quantum

dot coupling to a cavity mode via a dipole coupling [19, 50–53]. Again, such a system

is described by the Hamiltonian

H = h̄ωaa
†a+ h̄ (ωa + ∆)σ†σ + h̄g

(
a†σ + aσ†

)
(3.6)

where ωa denotes the frequency of the cavity mode, a the annihilation operator associ-

ated with the cavity mode, σ the lowering operator of the quantum two-level system,

∆ the detuning between quantum emitter and cavity, and g the emitter-cavity cou-

pling strength. We choose to run our simulations with an easily achievable value

[19, 50, 52] for the emitter-cavity coupling strength of g = 10 · 2π GHz. Any realistic

Jaynes-Cummings system also interacts with the outside world, both through the

cavity energy decay (rate κ) and the quantum emitter decay (rate γ). Because our

quantum emitter, an uncharged quantum dot, is embedded within a photonic band

gap, its coupling to free space via modes other than the discrete cavity channel is

suppressed [18, 54] (i.e., we take γ → 0)).

If the cavity loss terms are included as damping to an effective Hamiltonian [51],

we can gain significant insight into how our system will behave simply by looking at

its complex eigenvalues or polaritons; we show these eigenvalues schematically in Fig.

3.1(a). Here, the orange and green colors indicate the upper (UP) and lower (LP)

branches of the Jaynes-Cummings ladder, respectively, while the bounding curves

that surround the eigenvalues depict the full width half maxima of their linewidths.

Additionally, the ground state (GND) is depicted at zero energy by the brown line.

The quantum emitter has a very strong effect on the loss rates in the first manifold

for large ∆ (i.e., LP1 and UP1), which can be seen in the rapid change of height

in the orange and green bounding regions around ωa. However, the emitter’s effect
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Figure 3.1: Energy level structure of the pure Jaynes-Cummings system:
(a) Energies and linewidths of the polaritons (UPn and LPn) of the first two rungs
of the Jaynes-Cummings ladder (with emitter decay γ → 0). Orange and green de-
note the upper and lower branches, respectively. Bounding regions depict the full
width half maxima of the eigenstate linewidths. The ground state (GND) at zero
energy is depicted as the brown line. (b) Transient energies to climb the ladder of
Jaynes-Cummings eigenstates one by one, relative to the cavitys emission energy.
Jumps up the upper and lower branches of the ladder are shown as orange and green,
respectively. The first jumps are shown with the solid curves (from GND→UP1 or
GND→LP1), second jumps with the dashed curves (from UP1→UP2 or LP1→LP2),
and third jumps with the dotted curves (from UP2→UP3 or LP2→LP3). (c) Coher-
ent (blue) and incoherent (red) portions of the emission from a quantum two-level
system as a function of driving strength (∝ Efield) computed with the coherent drive
on resonance with the transition.
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is much smaller for the second manifold (i.e., LP2 and UP2), where the orange and

green bounding regions maintain relatively constant heights around 2ωa. This behav-

ior occurs because both detuned polaritons of the second manifold each contain an

additional cavity photon that leaves the system at roughly a rate of κ.

Another way to visualize this information is shown in Fig. 3.1(b), where the

transient energies to climb the Jaynes-Cummings ladder rung by rung [51, 55] are

shown (either following GND→UP1→UP2→UP3 or GND→LP1→LP2→LP3, which

are the only transitions allowed since γ → 0). Here, the differential energies (relative

to the cavity energy) that are required to add subsequent excitations to the ladder are

shown for both the upper and lower branches. For nonzero detunings, the branches

are called emitter- or cavity-like if their linewidths trend towards γ or κ, respectively.

Note that especially for large detunings, the energy levels in the cavity-like branch

(LPn for ∆ > 0 and UPn for ∆ < 0, with n > 0) and even those in the emitter-like

branch above the first rung (UPn for ∆ > 0 and LPn for ∆ < 0, with n > 1) are all

approximately evenly spaced; we refer to these levels as the harmonic portion of the

Hamiltonian. From these figures alone, we explain the primary mechanism through

which the Jaynes-Cummings ladder can act as a single-photon source, a phenomenon

known as photon blockade [52–54].

In photon blockade, the Jaynes-Cummings system is continuously driven by a

coherent state flux |α〉 resonant with the first polariton of the ladder, and its anhar-

monic energy levels filter the photon number of the pulse, transmitting light with

a sub-Poisson photon-number distribution. In the ideal case, only a single photon

is transmitted by the system at a time – then the system effectively behaves like a

two-level system. From the eigenenergy plots in Fig. 3.1, one can see that for larger

detunings, the anharmonicity of the Jaynes-Cummings ladder increases around the

first emitterlike polariton. After absorption of the first photon by the system, a higher

anharmonicity means that the energy to the next-highest eigenstate able to absorb a
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photon is farther away, and, hence, one expects the single-photon purity to increase

[54]. This increase in purity is quantified by a decrease in the second-order coher-

ence statistic at zero delay, which was introduced in Chapter 2 but is here written

alternatively as:

g(2)(0) =
〈a†a†aa〉
〈a†a〉2

< 1 (3.7)

This effect is referred to as anti-bunching. Note that although the degree of anti-

bunching certainly suggests how well the Jaynes-Cummings system filters the incident

pulse to ideal sub-Poissonian counting statistics, a strongly antibunched second-order

coherence is not unique to emission from a two-level system [56] or sufficient to char-

acterize single-photon emission [57].

A more specific way to identify the behavior of a two-level system lies within the

ratio of its coherently (classically) to incoherently (nonclassically) emitted light as a

function of driving strength of the coherent excitation [58, 59]. The coherent label

is assigned to the light emission due to the square of a system operators average

transition dipole moment, e.g. Ic ∝ 〈a〉2, and the incoherent label is assigned to

the light emission due to the average of the square of a system operators dipole

moment (known as an operators quantum fluctuations), e.g. Iinc ∝ 〈a2〉 − 〈a〉2. For

the sake of comparison, we plot the portions of coherently and incoherently emitted

light from a quantum two-level system in Fig. 3.1(c). We will later use these values

to quantify how closely the excitation of a polariton in a Jaynes-Cummings system

matches that of a two-level system, i.e., how closely we truly excite only one polariton

in the photon-blockade regime.
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3.3 Observing strong non-linearity with self-homodyne

interference

Here we will elaborate on why it is important to collect only the incoherent portion

of the spectrum, and in so doing suggest a method for selective suppression of the

coherent light. In a Jaynes-Cummings system, it is the non-linearity of the “atom”

(in the case of this chapter, the artificial atom that is a QD) that produces the

aforementioned quantum effects. To illustrate this, Fig. 3.2 clearly demonstrates

that the alternating symmetry when driving the atom leads to a higher anharmonicity

than the more symmetric climbing of the ladder under cavity drive. As mentioned

previously, this anharmonicity is the driving factor for the highly non-linear quantum

effects we seek. However, it is known that it is far more experimentally viable to drive

the cavity than the atom, and in past experiments this posed a major impediment to

observing a non-linear response in the solid-state [52, 53].

Figure 3.2: Jaynes-Cummings energy levels under different driving schemes:
Blue arrows denote allowed transitions from the reservoir-cavity coupling, while red
arrows denote allowed transitions from the reservoir-atom coupling.

For an arbitrary input coherent pulse, it can be shown that there is full equivalence
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between driving the cavity and driving the atom. More specifically, by driving the

cavity a coherent state is built up inside the cavity, which subsequently drives the

atom through atom-cavity coupling. Hence, it is possible to recover an atom-like

driving response by using so-called “homodyne interference” to selectively cancel the

cavity drive (more on this later).

The full treatment of this problem can be found in [60]. Here we summarize

the main results to provide context for the ensuing experiments in self-homodyne

interference. We begin with a model for the Jaynes-Cummings system, in which a

single cavity mode interacts with a single two-level atom, which exchange energy at

a rate g. In addition, the cavity couples to the independent reservoir b at a rate κ

and the atom couples to the independent reservoir c at a rate γ. It is shown that this

yields the closed set of Langevin equations

ȧ = −
(
iω0 +

κ

2

)
a+ gσ −

√
κbin

σ̇ = −
(
iΩ +

γ

2

)
σ + σz (ga+

√
γcin(t))

Ṅ = −γN − σ† (ga+
√
γcin(t)) +

(
ga† +

√
γc†in(t)

)
σ (3.8)

and the boundary conditions between output fields

bout(t) = bin(t) +
√
κa(t)

cout(t) = cin(t) +
√
γσ(t) (3.9)

where σz = σ†σ − σσ† and N = (σz + 1) /2.

Furthermore, for some unitary transformation applied on vacuum ψ = U |vac〉, it

is only necessary to find each unique transformed operator in order to fully specify

the output field of the system. Hence, by allowing U to be a displacement operator D

that creates coherent fields in the input photonic modes, we analyze the two specific
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cases for driving the Jaynes-Cummings system:

1. Only the emitter is driven by a coherent state ζ

U = Dc [ζ] (3.10)

which leads to the same dynamics as Eqns. 3.8-3.9 except

σ̇ → σ̇ −√γσzζ(t)

Ṅ → Ṅ +
√
γσ†ζ(t)−√γζ∗(t)σ

cout(t)→ cout(t)− ζ(t) (3.11)

2. The cavity is driven by a coherent state β

U = Db [β] (3.12)

where we additionally reformulate the condition as driving the atom with a

coherent field α(t) that corresponds to the input pulse filtered through the

linear response of the cavity without an atom. This leads to the same dynamics

as Eqns. 3.8-3.9 except

σ̇ → σ̇ − gσzα(t)

Ṅ → Ṅ + gσ†α(t)− gα∗(t)σ

bout(t)→ bout(t)− β(t)−
√
κα(t) (3.13)

which incidentally proves that even though we drove the cavity, we found a

transformation that turned the Langevin equations into those of the atom being

driven.
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Finally, imagine we add a beamsplitter that mixes the cavity output with a new

field ein, and now the cavity is driven by the original coherent state β and the beam-

splitter channel ein is fed a compensatory coherent field ξ such that

U = Db [β]De [ξ] (3.14)

we arrive once again at equivalent dynamics as Eqns. 3.8-3.9 except

σ̇ → σ̇ −√γσzζ(t)

Ṅ → Ṅ +
√
γσ†ζ(t)−√γζ∗(t)σ

bout(t)→ bout(t)− ξ(t)

dout(t)→ dout(t)− 2ξ(t) (3.15)

Hence, the output field then looks identical to the case where the atom is actually

driven by a real input field ζ(t), which means the coherent field is perfectly canceled

and the output looks only as though the atom is driven.

Experimentally, it is not straightforward to externally mix a compensatory coher-

ent field on a beamsplitter. We must find another way to cancel the coherent light

contributed by the input driving pulse. We draw from the well-established field of

interferometry to devise methods to perform this selective cancellation. Specifically,

in the following discussions we leverage the well-known Fano interference [61]. In this

paradigm, a continuum set of modes is carefully mixed with a discrete mode to result

in complete destructive interference at the frequency of the discrete mode. Hence,

we aim to spectrally align the atom’s transition to the frequency of the dip in the

Fano spectrum. By spectrally filtering on the emission at this frequency, it hence

becomes possible to sample the incoherent light emitted by the atom with minimal

contribution from the coherent input pulse.
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There are many ways to induce a Fano interference, but here we concentrate on

two demonstrations of this effect. The first is an interference between the continuum

set of modes that exist above the light line in a photonic crystal and the discrete mode

supported by a photonic crystal cavity. The second is a more integrated version where

the continuum modes are instead those supported by a photonic crystal waveguide.

We will focus more closely on the latter, more integrated solution, following a brief

summary of the first demonstration with free-space drive.

3.4 Self-homodyne interference in free-space

A promising route towards generating quantum states of light exists in the quantum-

dot (QD) photonic-crystal-cavity (PCC) architecture [21, 62–64]. Here, the quantum

dot is a solid-state artificial atom (e.g., an island of InAs embedded within a GaAs

host matrix) that yields the strong quantum nonlinearity required for quantum-state

generation. As a whole, the system enables extremely large enhancement of the light-

matter interaction rate and can lead to a hybridization of light and matter quantum

states in the strong-coupling regime [19, 50, 65] known as the Jaynes-Cummings lad-

der [66]. Because of the formation of these new quantum states known as polaritons

[51], QD PCC systems can generate not just single photons [54, 67, 68] but potentially

multiphoton wave packets that may be more efficient light sources in integrated quan-

tum circuits [69, 70]. In this free-space scheme [58], light is scattered both through the

cavity-dot system and a secondary channel in a way that effectively isolates the inter-

esting quantum emission from the system. The secondary channel is formed by the

continuum modes of the photonic-crystal-cavity structure that exist above the light

line, potentially arising from band-edge modes and higher-order cavity resonances.

In order to achieve complete destructive interference and resolve the resulting

“Fano” lineshape, the sample focus is modified. The idea is that the Fano resonance
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Figure 3.3: Self-homodyne suppression (SHS) from free-space: Optical spec-
tra of a detuned dot-cavity system with SHS turned (a) off and (b) on, with a fit
(black line) overlaid on experimental data (red crosses). Here the spectrum is also
decomposed into coherent (blue dashes) and incoherent (green dashes) contributions
to illustrate the overlap. In the insets it is clear that the SHS significantly decreases
the coherent contribution at the wavelength of the emitter-like polariton.
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requires a very careful balance between discrete and continuous channels, and the only

tuning mechanism in a free-space excitation paradigm is sample focus. Figs. 3.3(a-b)

show a comparison between turning “on” and “off” the self-homodyne interference

through manipulation of the focus condition of the driving laser. In Fig. 3.3(a),

note that the Lorentzian lineshape of the cavity mode without Fano interference has

significant overlap with the adjacent Lorentzian lineshape of the dot (i.e. the ratio

of the green dashed line to the blue dashed line at the spectral location of the dot is

too low). By turning on the Fano interference, we can see in Fig. 3.3(b) that there

is very minimal overlap of the cavity mode with the quantum dot (i.e. the ratio of

incoherent to coherent portions is now very large).

By utilizing self-homodyne interference in this off-chip configuration, single-photon

generation of high purity was demonstrated [68]. Here we introduce a metric for the

purity of single-photon emission. In Chapter 2 we introduced the Hanbury Brown and

Twiss experiment for verifying that a given system is emitting true single photons.

For many quantum technologies, including quantum computing, we must also verify

that every single photon emitted by the system is indistinguishable from every other

photon. This is verified by the Hong-Ou-Mandel (HOM) experiment [71]. The idea

of the experiment is that if two photons emitted by a system enter the two input

ports of a beamsplitter at exactly the same time, quantum mechanics tells us that

if they are truly indistinguishable, the two photons must exit the beamsplitter via

the same output port. Hence, just like the HBT experiment, the HOM experiment

guarantees that two detectors placed at the outputs of this beamsplitter must never

click at the same time. These measurements will be presented below in the discussion

of the system.

To investigate the single-photon generation and photon indistinguishability un-

der resonant excitation, we perform the HOM experiment with a fiber-based Mach-

Zehnder (MZ) interferometer (Fig. 3.4(a)). Here, we excite the system with double
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pulses that each have a pulse area of π and a time delay T1 = 1.9 ns that matches the

delay of the interferometer. First, we perform experiments without spectral filtering.

The result (Fig. 3.4(b)) is a pattern of five peaks separated by T1 and repeated with

the repetition rate of the laser (80 MHz). Due to the quantum character of the emis-

sion, the three center peaks around zero time delay are attenuated [72]. Note that the

asymmetry of the five peaks results from the imperfect reflectivity to transmittivity

ratios of the second beam splitter in the fiber-coupled implementation. To quantita-

tively analyze the data, we bin the counts in a time window of 384 ps about the peaks

(Fig. 3.4(b) data points). A fit to the data (blue columns in Fig. 3.4(c)) allows for

extraction of the measured degree of second-order coherence g(2)(0) and first-order

coherence |g(1)(0)| between two subsequent pulses. The extracted values of the fit are

g(2)(0) = 0.24 ± 0.03 and |g(1)(0)|2 = 0.25 ± 0.03. In the literature, when analyzing

the attenuation of the center peak instead of |g(1)(0)|2, a quantity ν is often stated

and defined as the single-photon mode overlap. However, this parameter would only

correspond to the single-photon mode overlap for pulses of perfect single-photon char-

acter (g(2)(0) = 0). The imperfect suppression of the Jaynes-Cummings coherently

scattered light limits g(2)(0).

To increase the fidelity of indistinguishable photon generation through photon

blockade, we now employ spectral filtering. The result of this experiment with a filter

bandwidth of 2π · 10 GHz is presented in Fig. 3.4(d) as empty diamonds. A fit (red

columns) extracts values of g(2)(0) = 0.05 ± 0.04 and |g(1)(0)|2 = 0.96 ± 0.05. Note

that this bandwidth is much larger than the polariton linewidth. Therefore, the im-

provements result only from eliminating imperfect suppressions of Jaynes-Cummings

coherently scattered light and phonon-assisted emission and not from filtering with

a bandwidth smaller than the spectral diffusion of the QD. In both cases, frequency

filtered and unfiltered, we confirmed the extracted values of g(2)(0) in second-order

correlation measurements and obtained similar values. Our metrics are competitive
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Figure 3.4: Indistinguishability measurements under self-homodyne sup-
pression (a) Schematic illustration of the setup used to extract Hong-Ou-Mandel
interference. (b) Measured correlation function of the emission. Due to the quantum
character of the light, the amplitude of the three center peaks surrounding zero time
delay is reduced. (c) Amplitudes around zero delay obtained from binning the data
presented in (b) with a temporal width of 384 ps about the center of each peak (rep-
resented as diamond data points). The error bars result from the

√
N variation of the

photocount distribution. Fits to the data are presented as blue columns and reveal
g(2)(0) = 0.24± 0.03 and |g(1)(0)|2 = 0.25± 0.03. (d) Same as (c) but under spectral
filtering of the emission, resulting in g(2)(0) = 0.05± 0.04 and |g(1)(0)|2 = 0.96± 0.05.
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with the best values obtained from QDs so far [73–76]. The state lifetime in our

experiment of 55 ps (measured at this detuning [54]) paves the way for on-chip gener-

ation rates over an order of magnitude faster than bulk QDs and slightly faster than

those in micropillar resonators [75–77].

Finally, exciting initial results suggest the observation of multiphoton states [70].

Unfortunately, as the experiments become more demanding and scalability becomes

more desirable, we can no longer rely on the randomness of the sample focus-based

control of interference. Precise control of both the amplitude and phase for this

interference is experimentally challenging and a more reproducible method is desired.

3.5 On-chip self-homodyne interference

A natural solution for this challenge exists already in the platform of integrated pho-

tonics. This platform has been explored extensively for the implementation of quan-

tum technologies [78]. Most of the components in the all-optical quantum circuits are

relatively efficient classical devices that can already be ordered from a foundry [79],

with the exception of one critical technology that can still benefit from improvement:

the integrated quantum-state generator. While some on-chip approaches look to mul-

tiplex many low-efficiency sources together [80–82], in our work, we look to design a

single highly efficient integrated source [83]. Previous work has shown that a quan-

tum dot can interact with a photonic crystal cavity [84] that can couple efficiently to

an adjacent integrated waveguide [85].

Leveraging this technology, we use the continuum modes of a photonic crystal

waveguide for the secondary channel, and hence the self-homodyne technique can be

improved in experimental precision; meanwhile, its integration on chip might enable

its use as a quantum light source in a photonic integrated circuit. In this section [86],

we propose such a fully integrated and fabricable structure. To analyze its behavior,
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we perform rigorous finite-difference time-domain [85] (FDTD) and quantum-optical

simulations [87]. Furthermore, we delve more deeply into the underlying mechanics

of the self-homodyne interference technique and justify how it allows for strongly

enhanced single- and multiphoton emission even in the presence of highly dissipative

cavities.

We begin with a discussion of the classical transmission behavior of a waveguide-

coupled PCC platform, without simulating the embedded quantum dot. A schematic

illustration of our proposed device is shown in Fig. 3.5(a). In this configuration, light

is injected through a waveguide, which then scatters into the Jaynes-Cummings sys-

tem and out to the output section of the waveguide with rates κc/2 – this scattering

path is known as the discrete channel, owing to its single-mode character. Scatter-

ing through the discrete channel alone results in a symmetric Lorentzian resonance

in transmission. Additionally, light may scatter directly from the input channel to

the output channel through a partially transmitting element (PTE) [88]; this scat-

tering path is known as the continuum channel owing to its flat frequency response.

The interference between these two scattering channels then results in an asymmetric

Fano-resonant line shape [61] in transmission. This type of device has been explored

classically [88–90] and semiclassically [91–93] for switching and lasing applications.

However, in our paper, we explore this device from a fully cavity quantum electro-

dynamical (CQED) perspective [94] by studying the quantum statistics of the trans-

mitted light [59]. As we see, an optimally tuned Fano interference allows the system

to act as an excellent nonclassical-state generator.

Next, we discuss our proposed dielectric structure for optimal exploration of

CQED effects (Fig. 3.5(b)). This structure is based on a triangular photonic crystal

of radius r0 = 0.3d and thickness t = 0.6d (where d is the lattice constant) and has a

number of significant features:

(i) An L3 defect is chosen for the photonic crystal such that it is optimized for ease
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Figure 3.5: An outline of the waveguide Fano interference device: (a)
Schematic representation of our proposed integrated version of the QD PCC plat-
form. The output light is scattered through both the Jaynes-Cummings system and
through a PTE. (b) Proposed dielectric structure for preferentially selecting for the
quantum mechanically scattered light in transmission through the photonic crystal
waveguide. (c) Field profile of the L3 photonic crystal cavitys high-Q mode calculated
with FDTD simulations. (d) Fano-resonant line shape in transmission arising from
the scattering through two different channels (with lattice constant a = 241 nm ).
The dip in the line shape is where the optimal self-homodyne interference occurs and
the quantum light is emphasized. Inset shows FDTD mode distributions in steady
state at the point of optimal self-homodyne interference and at the point of maximum
transmission (waveguide fields amplified for clarity).
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of coupling to quantum emitters but may still readily reach the strong-coupling

regime [19, 50]. The mode profile of the target resonance is shown in Fig. 3.5(c),

which is a standard mode profile for an L3’s high-Q mode [84]; a quantum dot

may strongly couple to the mode over a relatively large locus of positions.

(ii) The photonic crystal waveguide (Fig. 3.5(b)) relies primarily on a single TE

mode [95] such that stray quantum emitters within 40 nm of the holes (if ran-

domly positioned) are interrupted by the waveguides line of defects, with small

holes of radius r = 0.099d (orange). The presence of the small holes increases

the likelihood of measuring transmission through the Fano-resonant Jaynes-

Cummings system only.

(iii) A large hole defect at the center of the waveguide (blue) acts as the PTE [88],

where tuning the radius to rPTE = 0.36d allows for an optimal destructive

interference in the Fano resonance.

(iv) Several lines of shifts around the waveguide (0.15d nearest neighbor [purple] and

0.1d second-nearest neighbor [green] away from the waveguides center) tune its

density of states to be centered around the cavity resonance, and several hole

shifts around the cavity (yellow) [11] optimize its intrinsic Qi ' 51000 (or rate

κi = ω/Qi).

(v) The total quality factor including the waveguide coupling is Qt ' 20000, such

that the majority of the power injected into the cavity is transmitted to the

output channel. Note, any quantum mechanically scattered light from a Jaynes-

Cummings system emits equally into the input and output waveguides because

unlike the injected classical light, it has no reflected partner with which to

interferometrically cancel.

With these features in total, the system produces a Fano-resonant transmission
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plot (Fig. 3.5(d)) (with lattice constant a = 241 nm, as might be used in conjunction

with traditional GaAs-based devices). A well-tuned Fano resonance is critical for

enabling a so-called self-homodyne interference. Specifically, when the Fano line

shape is tuned such that the dip approaches zero (as verified in a classical FDTD

simulation), all the incident classical light is interferometrically canceled. This then

allows for the preferential emission of nonclassical light into the output channel (in a

hypothetical experiment or quantum-optical simulation) [58].

3.6 Quantum-optical modeling

In this section, we discuss the ability of the Fano resonance to significantly modify

the quantum statistics of the output light from the QD PCC system. First, we be-

gin by discussing a quantum-optical model that assumes the PTE acts to fully block

the incident light rather than transmitting some portion. This way, we make com-

parisons to how many previous experiments operated [52, 53], and we can introduce

several concepts without the added complexity of the Fano interference. Then, we

discuss how the tuned Fano resonances for optimal self-homodyne interference allow

for preferential transmission of just the light with interesting quantum states.

3.6.1 Pure Jaynes-Cummings emission

We start by discussing the transmission through the Jaynes-Cummings system in the

case where the PTE is fully blocking; we note this subsection will only cover a subset

of the curves plotted in Fig. 3.6. In this case, all output emission is governed solely by

the system operator a (as is known from input-output theory [96]). For the following

analysis, we choose to analyze the transmitted light at three different emitter-cavity

detunings: resonant ∆ = 0, moderate ∆ = 3g, and relatively large ∆ = 6g. The

transmission curves for asymptotically low driving strengths are shown as the dashed
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Figure 3.6: Transmission through the Jaynes-Cummings system for fully
blocking PTE and Fano interference: (a)-(c) Transmission through Jaynes-
Cummings systems with detunings of (a) ∆ = 0, (b) ∆ = 3g, and (c) ∆ = 6g.
Dashed black curves represent the case where the PTE is fully blocking, and only
emission from the Jaynes-Cummings system is measured. Solid purple curves indi-
cate Fano-resonant line shapes with the interference optimally tuned for the emission
of quantum light when the driving laser is resonant with the higher-energy polariton
UP1 (denoted by solid vertical gray lines). (d)-(f) Decomposition of light from (a)-
(c) into coherent and incoherent components when the system is excited under the
conditions of the vertical gray lines (a)-(c), respectively. Dashed black curves indicate
the coherent emission from the Jaynes-Cummings system alone, solid red curves indi-
cate incoherent emission from the Jaynes-Cummings system, while solid blue curves
indicate the coherent portion of the transmitted light under optimal Fano-induced
self-homodyne conditions in (a)-(c), respectively. Dashed blue and red curves indi-
cate reference coherent and incoherent emission from a two-level system, respectively.
(g)-(i) Second-order coherence statistics of total transmitted light when the system is
excited under the conditions of the vertical gray curves (a)-(c), respectively. Dashed
black and solid purple curves indicate without and with the optimal homodyne in-
terference, respectively. For (d)-(i), the driving strengths are normalized by the loss
rates of the driven polariton.
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black curves in Figs. 3.6(a-c), which are the standard Jaynes-Cummings transmission

plots. As the detuning increases, the linewidth of the emitter-like polariton decreases

and trends toward the character of the quantum emitter. Then, we choose to res-

onantly excite the emitter-like polariton (UP1 since ∆ > 0) in each case to study

the quantum aspects of its emission, with the resonance conditions denoted by the

vertical solid gray lines.

Thus, in Figs. 3.6(d-f), we decompose the emission depicted in Figs. 3.6(a-c) into

coherent and incoherent components when the system is excited under the conditions

of the vertical gray lines in Figs. 3.6(a-c), respectively, as a function of the system

driving strengths. Importantly, we normalize both the driving strengths and emission

fluxes to the loss rates of the driven polaritons [51] where

Γeff =
κ

2
+ 2Im


√
g2 −

(
κ

4
+
i∆

2

)2

 (3.16)

so we can directly make comparisons to the decomposed emission from a two-level

system. The dashed black and solid red curves indicate the coherent and incoherent

emission from the Jaynes-Cummings systems, respectively. Meanwhile, the dashed

blue and dashed red curves indicate reference coherent and incoherent emission from

a two-level system, respectively. We can immediately note several trends:

(i) At arbitrarily low driving strengths, the coherent and incoherent emission pro-

portions from the Jaynes-Cummings systems trend towards those of the two-

level system for all detunings.

(ii) As the driving strengths increase, the emissions from all the studied systems

deviate from the coherent and incoherent portions of emission from a two-level

system. However, the larger the detuning, the slower the deviation from the

behavior of a two-level system.
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(iii) Nevertheless, even at the large detuning of ∆ = 6g, for just moderate driving

strengths of approximately Γeff , the coherently scattered light (dashed black

line) begins to completely dominate. Thus, the driving powers for which the

emission of any dissipative Jaynes-Cummings system matches that of a two-

level system is extremely limited, and prototypical quantum features such as

saturation or Rabi oscillations should not be expected.

Additionally, we can look at the second-order coherence statistics to determine

how well the systems are filtering the photon-number distribution. Emission from an

ideal two-level system perfectly filters the light such that g(2)(0) = 0, but the Jaynes-

Cummings systems by themselves do a poor job at filtering the emission even for large

detunings. The results of this filtering are shown in the dashed black curves of Figs.

3.6(g-i), where the minimal values are g(2)(0) > 0.08. The imperfect performance

in our simulation results may initially be surprising, since previous works proposed

the Jaynes-Cummings polaritons as excellent two-level systems [19, 50–53]. Instead,

many of these discussions have not fully taken the dissipative nature of experimental

Jaynes-Cummings systems into account. Rather, the large linewidths of each of the

rungs in the ladder (Fig. 3.1(a)) result in significant excitation to higher rungs of

the ladder (which are harmonic and, hence, scatter coherently) even when the laser is

only in direct resonance with the first polaritonic rung [54, 58]. Next, we fully justify

how our proposed integrated QD PCC structure inspired by previous works utilizing

self-homodyne interference can overcome these limitations in order to act as a nearly

ideal two-level system.
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3.6.2 Emission including the Fano resonance

Our previous modeling section considered the case where the PTE is fully blocking,

and only light scattered through the Jaynes-Cummings system is collected in the out-

put waveguide. In this section, we relax this criterion and actively tune the PTE until

the classically scattered light through the harmonic portion of the Jaynes-Cummings

system is interferometrically canceled. Thus, we detail a fully quantum-mechanical

model that combines this Fano-resonant behavior with quantum-optical modeling to

numerically characterize the nonclassically emitted light.

Before, the flux operator representing the emitted light into the waveguide was

∝ a; however, now it is ∝
√
κ/2a + tBα, where tB is the transmission coefficient

of the PTE, and α again represents the incident coherent flux. Defining the new

operator b =
√
κ/2a + tBα to represent this interference, we again reevaluate our

previous expressions. While before, the steady-state transmitted flux was given by

T = κ/2〈a†a〉, it is now given by T = 〈b†b〉. By a similar operator replacement, the

second-order coherence is now given by

g(2)(0) =
〈b†b†bb〉
〈b†b〉2

(3.17)

The interference present in the operator b now allows for the alteration of the measured

portion of the coherently scattered light, though it leaves the incoherent portion

unchanged since the incident flux has only a coherent portion. Using these new

waveguide operators, we calculate the optimal values for the tB’s by passing the

incident flux |α〉 through a reference cavity with no light-matter interaction; then

tBα = −
√
κ/2〈aref〉.

Therefore, our proposed device performs a homodyne measurement [97] of the

actual mode operator a. However, unlike previously suggested [58], it does not per-

fectly isolate the incoherently scattered portion of light from the Jaynes-Cummings
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system. Were this the case, the emitted light would not actually anti-bunch and

certainly would not behave like it were emitted from a two-level system. Instead, the

self-homodyne interference removes only the coherent light scattered by the harmonic

portion of the Jaynes-Cummings system. This way, the light coherently scattered by

the first emitter-like polariton is left untouched, which is crucial for anti-bunching.

The reason it is left untouched when this interference is optimized (as above) is

that the coherently scattered light from the emitter-like polariton has a dramatically

different phase than that of the cavity-scattered coherent light. Here, the cavity-

like branches are far off resonance, so they scatter with little phase shift, while the

emitter-like polariton scatters with a phase shift of π/2 since it is on resonance.

Because at high powers the cavity-scattered light completely dominates, it is un-

surprising that without fully understanding this subtle point, previous experiments

with self-homodyne interference were still able to improve the quality of the single-

photon emission. Armed with this information, we can now correctly analyze how

self-homodyne interference can change the emission character of a CQED system

compared to that from a two-level system.

We now revisit Fig. 3.6 and discuss the results of the simulations that include the

Fano and self-homodyne interference. First consider the transmission plots through

the Jaynes-Cummings system with the optimally determined PTEs (Figs. 3.6(a-c):

strong asymmetries are now present due to the direct transmission channels in each

case (purple curves)). The Fano-resonant Jaynes-Cummings transmission plots show

decreased amplitudes directly on the polaritons indicated by the vertical gray lines,

with the largest percentage change in the case of zero detuning (Fig. 3.6(a)) since the

portion of harmonic scattering is largest here. However, the changes are even more

interesting when considering the coherently scattered portion as a function of the

driving strength (solid blue curves in Figs. 3.6(d-f)). Now, the coherently scattered

portions better match those from a two-level system of equivalent loss rate. For zero
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detuning, there is still significant disparity at high drive powers but low powers match

fairly well (Fig. 3.6(a)). Notably, for the large detuning case, the emission is now

nearly identical to that from a two-level system even for extremely strong driving

strengths (up to 10Γeff ).

Similarly dramatic are the changes in the second-order coherence statistics for

the transmission through the Fano-resonant Jaynes-Cummings systems. Just as in

their coherently scattered ratios, the second-order coherence statistics now markedly

improve towards the ideal single-photon emission regime of g(2)(0) = 0 (compare Figs.

3.6(g-i) where the dashed black and solid purple curves indicate without and with

the optimal Fano-induced self-homodyne interference, respectively). In all cases, this

improvement with interference in transmission is at least an order of magnitude better.

Even though the large detuning case might have initially seemed like it would not

improve much in g(2)(0), we find it very notable that removing any unwanted coherent

scattering by the Jaynes-Cummings system itself can improve the single-photon error

rate by almost 4 orders of magnitude. Clearly, the self-homodyne interference can

play a powerful role in ensuring that the emission from the emitter-like polariton in

a Jaynes-Cummings system actually behaves like emission from an ideal two-level

system.

We also now consider an interesting feature in the second-order coherence curves

that we believe to be elucidating. Again, consider Figs. 3.6(d-f), but note that the

g(2)(0) curves plateau at low driving strengths and begin to rise at exactly the same

normalized driving strengths. Notably, this rise occurs precisely when the emitter-

like polariton begins to saturate, i.e., when Iinc > Ic. From this observation, we can

conclude that the minima of g(2)(0) are not due to excitation of polaritons above the

emitter-like polaritons. Instead, the minima are determined by the slight anharmonic-

ity of the cavity-like polariton branches, whose emission cannot be fully canceled by

a coherent beam.
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Finally, we briefly consider the dynamical issue of Rabi oscillations. Although we

consider only steady-state phenomenon in this work, we can look at steady-state quan-

tum correlations that are closely tied to Rabi oscillations. This signature is related

to the Mollow triplet and appears in the oscillations of the second-order coherence as

a function of time delay [97], i.e., in

g(2)(τ) = lim
t→∞

〈b†(t)b†(t+ τ)b(t+ τ)b〉
〈b†(t)b(t)〉2

(3.18)

but with b(t) =
√
κ/2 [a(t)− 〈aref〉] for the self-homodyne interference since the input

coherent flux has uncorrelated statistics. We now consider the delayed second-order

coherences of the emission from our Jaynes-Cummings system at moderate detuning

(dashed black and solid purple curves in Fig. 3.7) and compare them to the second-

order coherences of emission from an ideal two-level system (dotted purple curves in

Fig. 3.7). For both moderate and high powers at the moderate detuning of ∆ = 3g,

the self-homodyne interference very clearly allows the two-level nature of the Jaynes-

Cummings emission to be revealed (solid purple curves) from what otherwise will

be almost trivial counting statistics, i.e. g(2)(τ) ' 1 (dashed black lines). In our

previous work where we investigated dissipative Jaynes-Cummings systems based on

QDs strongly coupled to PCCs [67, 98], we observed Rabi oscillations which require

high driving strengths. As the current work and results of Fig. 3.7(b) suggest, it is

thanks to the self-homodyne interference that these oscillations are observable.

3.6.3 Multiphoton resonances

Up until this point, we considered the self-homodyne interference as a method for

optimizing the quantum behavior of the two level system. In principle, the resulting

single-photon emission can be generated either with a weakly coupled CQED system

or simply a two-level system, after properly rejecting the coherent driving light. For
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Figure 3.7: Rabi oscillations with optimal Fano interference: Second-order
coherence as a function of time delay at moderate detuning (∆ = 3g) with mod-
erate (0.4Γeff ) (a) and relatively large (5Γeff ) (b) driving strengths. Dashed black
curves represent cases for pure Jaynes-Cummings emission, solid purple curves include
self-homodyne interference, and dotted purpled curves depict ideal two-level-system
behavior.

this section, we explore phenomena unique to the complex ladder of Jaynes-Cummings

levels: its multiphoton resonances. While these resonances have been explored in

superconducting systems [99], they have yet to be explored in solid-state systems at

optical frequencies. Here, we show how self-homodyne interference can lead to the

direct observation of two-photon resonances in our proposed integrated platform and

comment on its potential for observation of higher-order resonances as well.
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Consider our on-chip Jaynes-Cummings system when moderately detuned (∆ =

4g) but with a state-of-the-art g/κ = 2.4 ratio [100]. Unlike for a moderate g/κ

system, as the driving field strength is increased beyond saturation of the emitter-like

polariton, a two-photon resonance begins to appear at 2.29g. This resonance occurs

between GND ↔ UP2 with UP1 as an off-resonant intermediate state and at the

frequency that splits the difference between the transition energies of GND ↔ UP1

and UP1 ↔ UP2.

However, its transmission spectrum (dashed black line in Fig. 3.8(a)) only barely

reveals the two-photon resonance (denoted by the gray line) due to an excess of co-

herent scattering from the harmonic portion of the Hamiltonian. Fortunately, the

optimally tuned self-homodyne interference mostly mitigates this unwanted emission

making the resonance easier to observe (solid purple line). Even more stark is the con-

trast with and without the interference to the second-order photon bundling statistics

(Fig. 3.8(b)) of the form [69]

g(2)(0) =
〈(a†)4(a)4〉
〈(a†)2(a)2〉2

(3.19)

The second-order bundling statistic, unlike the standard nth-order coherence statis-

tics, is a valuable indicator of the presence of two-photon resonances in the Jaynes-

Cummings ladder when it shows anti-bunching. Specifically, g
(2)
n (0) looks at how

bundles of n photons anti-bunch rather than just anti-bunching of single photons.

Now the value of the self-homodyne interference becomes exceedingly clear by al-

lowing for strong anti-bunching in g
(2)
2 (0) (solid purple line), which will not even be

observed without the interference (dashed black line). Further enhancements in the

g/κ ratio, which may be enabled by new developments in GaAs surface engineer-

ing [101], will enable observation of multiphoton resonances involving more than two

photons.
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Figure 3.8: Multiphoton resonances revealed through Fano interference: De-
tuned Jaynes-Cummings system under strong drive (∆ = 4g), with (a) transmission
and the (b) two-photon bundling statistic that highlights the presence of a two-photon
resonance. Colors indicate without (dashed black line) and with (purple line) opti-
mally tuned self-homodyne interference. Vertical gray line indicates the frequency of
two-photon resonance in transmission.

Finally, we briefly discuss the output states resulting from the multiphoton res-

onances under self-homodyne measurement. These resonances actually result in a

somewhat complicated emission, which we believe is an interesting subject for future

research. The main observation is that even though the photons are absorbed at

the same frequency, the detuned Jaynes-Cummings ladder emits them at different

frequencies. Take the two-photon resonance: The energy leaves UP2 via a cascade
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where the first photon is emitted at the cavity-like polaritons frequency (UP2↔ UP1

transition), and the second photon is emitted at the emitter-like polaritons frequency

(UP1 → GND transition). Higher n-photon resonances emit roughly n − 1 photons

at the cavity-like frequency followed by a single photon at the emitter-like frequency.

This situation is reminiscent of the photon bundling in the work of Snchez Muoz et

al. [69] but interestingly occurs under weak driving and at lower detunings. Since

the light is emitted at multiple frequencies through the same output channel, a more

complicated analysis that includes frequency filtering is required to quantitatively

study the output emission.

3.7 Outlook

We show how the self-homodyne interference generated from an optimally tuned Fano

resonance can be utilized to strongly enhance the single-photon emission purity of a

dissipative CQED system and allow for the observation of Rabi oscillations between

the ground state and the emitter-like polariton. We have previously verified some

of these effects with off-chip configurations utilizing self-homodyne interference [58,

68, 98], but here we thoroughly explain the enhancement in counting statistics and

in a fully integrated on-chip geometry. Furthermore, we show how these effects are

completely compatible with an integrated waveguide structure and should soon be

within sight of an experimental demonstration. Although QD-phonon interaction has

recently been shown to be a limiting factor in the indistinguishability of single-photon

emission [102, 103], for strongly coupled systems, the dephasing results in energy

transfer to the cavity-like polariton, which can potentially be completely removed by

a photonic crystal drop filter to circumvent this limit [68]. Based on our proposed

devices ease of on-chip integratability and on the power of an optimally tuned Fano

interference to bring orders of magnitude of improvement to already well-performing
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CQED systems, we expect this type of quantum interference to readily find its way

into photonic integrated circuits in the near future.



Chapter 4

Focused Ion Beam Techniques for
Single Photon Devices

4.1 Motivation

Much like the work presented in Chapter 2, the most well understood methods for

fabrication of solid-state single photon sources are photo-lithography and electron-

beam lithography. In this method, a pattern is exposed and developed in a polymer

called a resist, which is designed to be sensitive to the source of radiation (photons

in photo-lithography, electrons in electron-beam lithography). That pattern is then

used as a mask for an etch that transfers the pattern to an underlying substrate,

which is typically the substrate that contains the single photon emitter or system of

interest. Further processing steps may follow that include metalization, atomic layer

deposition, and more.

Though this approach carries with it decades worth of expertise and countless suc-

cessful applications, it also has significant drawbacks. Some of these are highlighted

here:

• The resolution of lithography approaches can be limited. Without highly op-

timized exposure practices, photo-lithography is typically diffraction-limited

65



CHAPTER 4. FIB TECHINIQUES FOR SINGLE PHOTON DEVICES 66

and hence struggles to define features smaller than a few hundred nm. While

electron-beams have a spot sizes of a nm or less and a typical shot pitch of less

than 10 nm, the actual realized feature resolution is rarely less than 50 nm due

to forward scattering of the electron-beam in the resist material, leading to the

well-known proximity effect.

• During electron-beam lithography, it is well known that insulating materials

charge when irradiated with electrons, which leads to distortion of the elec-

tron beam through a Coulomb interaction. This can be mitigated with a thin

charging layer but often only for very low irradiation density and not for all

materials.

• As the reactive-ion etch (RIE) depends on chemical affinity, every candidate

material system must also have an associated etch chemistry. Moreover, this

etch chemistry must be highly anisotropic to facilitate vertical sidewall defi-

nition. As more and more candidate materials are presented, the challenge of

finding optimal etch chemistries for each system would require significant effort.

• Without implementing highly non-standard approaches, RIE is limited to ver-

tical ion bombardment, and hence precludes the definition of angled features.

The existing methods for angled RIE only work in certain systems and are

difficult to optimize for new etch chemistries.

One of the key alternatives to lithography is milling. This includes everything from

bulk milling processes based on lasers and collimated ion beams to nanoscale milling

with focused ion beams (FIB). The focus of this chapter is the use of FIB milling to de-

fine devices for the generation and extraction of single photons. FIB milling presents

a solution to all of the aforementioned limitations of photo-lithography, enumerated

here:
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• The resolution of FIB is limited only by the profile of the impinging ion beam,

which is a function of the beam current. In typical FIB systems, this can be as

low as 10 nm for low currents, at the expense of longer mill times.

• Insulating materials can simply be coated with a thin layer of conducting ma-

terial to prevent charge buildup. Since FIB does not discriminate when milling,

it can simply mill through the conductive layer on its way to milling through

the underlying insulating material.

• FIB milling works on all materials as it is a physical process. The only difference

between materials is that the rate of milling changes. There are a few exceptions

to this rule when milling Ga-based materials, as the ion beam itself is typically

a stream of Ga+ ions that can chemically react with the Ga in the material.

• Most importantly, any desired angle between ion beam and sample can be de-

fined for an arbitrary milling angle. The utility of this feature will be addressed

in further detail below as it has strong implications for the fabrication of devices

that would otherwise be very difficult to realize using standard lithographic ap-

proaches.

Below we discuss two fabrication methods that leverage the unique capability of

FIB milling. Namely, (a) the undercutting of a material without a sacrificial layer,

and (b) the definition of an angled grating coupler.
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4.2 FIB methods for novel devices

4.2.1 FIB undercutting of a SiC nanobeam

As in Chapter 2, one route to efficient single-photon generation is through the use of

optical cavities to modify the optical density of states. There, we covered some consid-

erations for cavity design. The most common type of cavity employs the distributed

Bragg reflection (DBR), e.g. in DBR microposts and photonic crystal cavities. Here

we will focus our discussion on photonic crystal cavities, and how we can use FIB

milling to realize such cavities in material systems that are not compatible with RIE-

based approaches.

As full-3D photonic crystal cavities are still beyond current fabrication technology,

the typical strategy in photonic crystal cavity design is to use DBR in only one or two

dimensions, and then rely on total internal reflection (TIR) in the other dimension(s).

In order for TIR to work for all possible k-vectors of light, the index contrast between

the device layer and surrounding cladding must be as high as possible. Ideally, the

cladding is air. While it is straightforward to have air above the device layer by

having the device layer be at the top of the material stack, having air below the

device layer requires a process called undercutting. This involves selective etching of

the penultimate layer in the material stack.

There are two very common material stacks that allow for undercutting. One is

the most ubiquitous of optical materials, silicon-on-insulator (SOI). In SOI, the top

Si layer rests on a cladding layer of SiO2. After patterning in the Si device layer with

lithography and RIE, the SiO2 layer can be selectively removed with hydrofluoric acid

(HF), leaving a suspended Si device layer. This approach has successfully resulted in

quality factors in the millions [104].

As of yet, there exists no strong candidate for single-photon emission in Si and

hence the majority of quantum-optical cavity design has been in the InAs/GaAs
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material system as discussed in Chapter 2. However, it is also possible to grow the

GaAs device layer on a sacrificial layer of AlGaAs. Much like SOI, this AlGaAs can

be selectively removed in HF to leave a suspended GaAs device layer with embedded

InAs QDs. With this system, it is possible to achieve quality factors up to 50,000

[105], leading to a regime of light-matter interaction that has a number of exciting

applications. This system has been studied extensively over the last two decades.

Over time, the field of solid-state CQED has tended towards the discovery and

utilization of new material systems. Each system may offer some unique advantage

over more traditional systems. For example, the now-popular Si-V center in diamond

offers room temperature operation. Many of these new material systems are based on

materials that cannot easily be grown on a sacrificial layer due to a lattice constant

mismatch that leads to growth defects. For these materials, a different approach

towards undercutting must be taken. One example of these materials is 4H-SiC, in

which promising quantum emitters have been demonstrated with applications towards

scalable quantum photonics [106]. However, 4H-Sic can not be grown on a sacrificial

layer and hence must be approached with a different strategy.

Using a FIB, we demonstrate angled undercutting of a toblerone-like nanobeam

in SiC that can be used for TM-mode cavity design [107]. Unlike previous demonstra-

tions of FIB milling-based fabrication, here we combine the advantages of electron-

beam lithography and RIE with the capabilities of FIB milling. First, the teeth are

defined using electron-beam lithography and RIE, resulting in two pads connected by

a straight beam with rectangular teeth defined along the beam. A protective layer

of Cr is deposited to both protect the teeth and prevent charging in this insulating

material system. To undercut, we start with two bulk trenches on either side of the

beam that are milled at a high current and at normal incidence. Then, depending on

device design, we can define a custom angle between FIB and sample. In this case,

the device was designed to have the cross-section of an equilateral triangle, and hence
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Figure 4.1: FIB undercutting of a SiC nanobeam: (a) Overview SEM micro-
graph of a SiC nanobeam connecting two pads. Note that this specific undercut-
ting does not include the teeth. (b) Close-up SEM micrograph of a SiC nanobeam
with teeth after undercutting, showing the preserved nature of the teeth defined by
electron-beam lithography and RIE.

we milled at an angle of 30◦. After choosing the angle, we aim the FIB at the edges

of the beam and mill to define the triangular cross-section. We perform this mill at a

much lower current to: (a) start with the smallest possible beam diameter, (b) ensure

we can obtain a very good focus to achieve the highest possible resolution, and (c)

allow us to make adjustments in real time.

As seen in Fig. 4.1(a), a bare beam is fully undercut and is suspended between

two pads. Furthermore, as seen in Fig. 4.1(b), we can undercut while maintaining the

fidelity of the teeth. Note that the majority of damage is taken by the protective Cr

layer that can easily be removed in a final processing step. Looking forward, we aim

to optically characterize these beams to prove the viability of this method in realizing

new quantum-optical systems. Eventually, we also plan to apply this method to other

material systems that do not have a natural sacrificial layer.
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4.2.2 FIB milling of an angled grating coupler

The growing industry of integrated photonics has necessitated more efficient technolo-

gies for coupling free-space light on-chip. The most scalable method is coupling light

vertically from an optical fiber through the use of grating couplers. Grating couplers

are diffraction gratings designed to phase-match free-space light to light confined to an

optical waveguide. The canonical grating coupler is usually defined with lithography

and RIE to form vertical teeth that are periodic, as maintaining periodicity makes

the grating easy to model with analytic expressions. However, this design approach

has two major drawbacks: (a) limiting oneself to only periodic designs explores only a

small fraction of the full design space for a given area, and (b) exploring only devices

that are vertically symmetric means that the maximum coupling efficiency can only

be half that of an asymmetric design, as dictated by the reciprocity theorem.

Recently, there has been a significant effort in solving both of these problems. The

first is addressed by design using automated inverse design of nanophotonic devices,

where a local optimum in the full parameter space can be quickly found without

limiting oneself to only one type of design [108].

The second issue mentioned is addressed by lifting the requirement that the side-

walls must be vertical in the inverse design algorithm. We can instead define a custom

angle before performing the optimization, leading to a grating coupler design that lifts

symmetry by introducing angled sidewalls. This approach has led to theoretical effi-

ciencies of 96%, rivaling the most efficient grating couplers ever designed [109].

The device design is only one of the challenges involved in realizing an angled

grating coupler. Much like the FIB undercutting mentioned above, RIE-based ap-

proaches cannot easily realize the angled sidewalls needed to mirror the device design,

and hence we must explore other avenues towards meeting the design goals. Building

on the work from the previous subsection, we will now apply FIB milling towards

defining an angled grating coupler in the SOI platform.
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Unlike simple undercutting, FIB milling of an angled grating coupler presents

a more significant challenge because here we must define the teeth of the grating

themselves using the FIB. This presents a number of challenges:

• A FIB’s lateral ion distribution is not a step function but rather a Gaussian

function, meaning it has a non-negligible tail that will inevitably mill adjacent

to the targeted area. If the features are small and sufficiently dense, these

beam tails can add up to cause significant over-exposure where there should be

no milling.

• When defining a pattern in a FIB, there is no compensation applied based on the

density of a pattern. Hence, larger features will mill at a faster rate due to the

number of overlapping tails. The designs generated by inverse design often have

a large range of feature sizes, and the mill must be run long enough to define

the smallest of features. As a result, the larger features will be significantly

over-milled.

• Typical grating couplers are at least 10 µm to a side, and hence mill times can

be long. As mill time increases, it becomes more important to ensure there is

no lateral drift during the mill.

These issues are addressed with the following strategies:

• We use a protective layer of Cr so that the overlapping beam tails only mill the

Cr and not the underlying Si.

• We backfill the areas that are over-milled with SiO2 using a furnace, which

allows for very conformal, high-quality deposition.

• Drift is caused primarily by charge build-up, and hence the conducting Cr layer

helps to mitigate the drift.
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Figure 4.2: FIB milling of an angled grating coupler: An SEM micrograph
overview of a full grating coupler device after angled FIB milling. The darkest layer
is the Si device layer, with gaps between features reaching into the underlying SiO2.
The gray layer resting on the Si is a protective Pt layer, used to prevent damage to
the layer of interest during the sectioning process. Note that some of the smallest
features are not fully resolved due to sub-optimal etch resistivity of Cr over Si.

The milling process itself is straightforward. A design generated by the algorithm

as a .GDSII file is first squeezed in the dimension of tilt to compensate for the tilt

angle of the mill. This GDS file is then converted to a file that can be read by

the FIB system using a supplied software package called GDStoDB. We then find a

waveguide template on which to mill, achieve a good focus, and complete the mill

at the predetermined angle. This is done on both ends of a waveguide to realize a

full testbed for the efficiency of the grating coupler design. After the mill, the Cr is

removed using Cr etchant and we backfill with SiO2 using a furnace. We successfully

fabricated a complete device as shown in Fig. 4.2.

Testing of these devices is carried out using a custom-built fiber-in fiber-out setup.

Here, optical fibers stripped of their sleeving are positioned with piezo-electric actua-

tors to within 10 µm above two grating couplers connected by a waveguide. Light at

the target wavelength of λ = 1550 nm is sent into the input fiber and collected by the

output fiber and sent to an optical spectrum analyzer. Preliminary results suggest
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an efficiency of 13%, with significant fabrication optimizations yet to be explored to

approach the theoretical performance.

4.3 Outlook

Together, these two experiments demonstrate separate powerful techniques enabled

by the unique capabilities of focused ion beams. FIB systems are capable of other

techniques including: (a) local deposition of materials with high conformality, (b)

local selective chemical etching of materials based on injected gases, and (c) pick-

and-place functionality to bring together otherwise incompatible materials. The work

presented here serves as only a brief introduction to the utility of FIB.



Chapter 5

Conclusions and Outlook

In this thesis, we introduced a number of potential advancements to single photon

source development. In revisiting these topics, we will provide a brief outlook of

potential future directions for each technology.

In Chapter 2, we demonstrated a metal-dielectric nanocavity that can be used for

bright single photon generation into free space. In that chapter we also discussed the

potential for application in engtangled photon pair generation and quantum memory

via manipulation of an electron spin. As discussed in that chapter, the proposed plat-

form represents an increasing trend towards tighter electromagnetic field confinement

and hence larger interaction strengths and faster interaction rates. The ultimate goal

for such a system would be room-temperature strong coupling between a single pho-

tonic mode and either a single solid-state quantum emitter or ensemble of emitters.

Advances in the search for new emitters may provide a suitable material system for

this experiment.

Then, in Chapter 3, we turned towards an on-chip architecture for filtering non-

classical light from a dot-cavity system, showing extremely high single-photon purity

that can easily be integrated into existing integrated photonics platforms. Notably,

the same method can be extended even to multi-photon states that could be more
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interesting for on-chip quantum information processing. Furthermore, there are com-

plementary designs like drop filters [110] that could offer even stronger suppression

of the coherent drive to reveal the full non-linearity from driving the atom.

Finally, in Chapter 4, we discussed strategies for moving beyond standard lithog-

raphy techniques by using FIB to realize devices that would otherwise not be possi-

ble. These techniques could be applied to single photon generation as with the SiC

nanobeam, or towards single photon extraction as with the angled grating coupler.

But the field of quantum optics will continue to envision new ways to turn design into

device. In the theme of exploring fabrication techniques for novel material systems,

new approaches include: (a) chemically-assisted ion beam etching (CAIBE) for rapid

and selective ion beam milling of devices, (b) direct laser writing of resists for the

generation of 3-D cavities, (c) focused ion beam milling with ions other than Ga+,

and more.

Parallel to these proposed future directions, experimentalists are already pushing

the gamut on all fronts of single photon source development. On the materials side,

new systems with unique properties are actively being explored, leveraging advances

in material growth and ion implantation. Quantum-optics specialists continue to

design new experiments in cryogenic systems that can reach ever-lower temperatures

and ever-higher magnetic fields. And photonic engineers are finding new architectures

to integrate all of these innovations to solve new problems. Looking forward, the need

for such technologies is only going to grow, and the sophistication will need to grow

with it.

Eventually, all of the hypotheticals discussed in the introduction to this thesis

will become reality and the security of our communications will be at stake. The race

between quantum computers and post-quantum cryptography is coming down to its

final stretch. At the finish line, the innovation in single photon source development

will prove critical in continuing to protect our privacy in an increasingly dangerous
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world.



Appendix A

Confocal Spectroscopy Setup for
Device Characterization

Figure A.1: Overview of the confocal spectroscopy setup: The setup was built
to accommodate a wide range of measurements. Here the relative location of the
measurements is visualized. See below for photographs of the completed setup.

The characterization of the metal-dieletric cavity in Chapter 2 required a diverse

set of experimental capabilities. Along with the need for robust, repeatable, and

accessible tests, we set out to build a setup that could accommodate all of these

stringent requirements. Fig. A.1 shows a schematic of this setup including the key
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measurements that can be taken. The following is an abridged list of the features of

this setup, with references to images below that show the fully realized build:

• Measurement at cryogenic temperatures. This was powered by a Montana In-

struments closed-cycle liquid helium cryostat, with base pressures as low as 10−8

and temperatures less than 5 K. The low base pressures are enabled by a turbo

pump mounted directly to the cryostat through one of the viewport windows

(Fig. A.2).

• The ability to perform cross-polarized measurements to selectively cancel re-

flected laser light from the sample. In this way, a cross-polarized reflectivity

measurement can be equated to a transmission measurement (Fig. A.3).

• Excitation at wavelengths ranging from λ ∼ 740 nm for Si-V centers in diamond

up to λ ∼ 930 nm for InAs QDs. In addition, the ability to accommodate both

fiber-coupled lasers and free-space lasers, as well as both CW-lasers and pulsed-

lasers (Fig. A.4).

• True confocal spectroscopy through the use of a pinhole located in k-space,

which cancels all light not at the focal plane. In this portion of the setup,

there are also a set of filters that can be used to only collect light at certain

wavelengths (Fig. A.5).

• Imaging of the k-space onto a CCD camera to visualize the distribution of k-

vectors from a device.

• A path for free-space spectrometry, accomplished by routing the emission from

the device into a long-focal-length monochromator with a TEC-cooled CCD

camera that can be used to collect spectra. This monochromator can also be

used as a spectral filter for the other measurements mentioned previously (Fig.

A.6).
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• Collection into optical fibers that can be routed to a number of different de-

tectors. These include: (a) single photon counting modules (SPCMs) for ei-

ther single-photon counting rates, fluorescence decay measurements, or time-

correlation between multiple SPCMs with the aid of a histogrammer, or (b) a

streak camera for simultaneous time and wavelength resolution (Fig. A.7).

Figure A.2: Cryostat and bright-field illumination/detection: The sample
is located inside a Montana Instruments Cryostation with the Cryo-Optic module
containing a 0.9 NA microscope objective. The sample can be illuminated with a
broadband source, labeled WL, and this bright-field image is collected by a CMOS
CCD. The laser excitation and emission collection pathways extend to the other side
of the vertical mounting board.
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Figure A.3: Polarization optics for cross-polarization measurement: The half-
wave plate (HWP) and quarter-wave plate (QWP) can control the polarization state
of the excitation laser, and the polarization beam splitter (PBS) serves to reject laser
light that is reflected from the sample. In this way, a reflection measurement can be
analogous to a transmission measurement. The second PBS is used to select between
free-space and fiber collection. The linear polarizer (LP) and subsequent power meter
are used to measure the approximate power entering the microscope objective above
the sample.
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Figure A.4: Excitation pathways to address different material systems: The
setup is built to accommodate four different pathways: (i) free-space excitation from
a pulsed Ti:Sapph laser (SpectraPhysics Tsunami), (ii-iv) fiber-coupled light either
from tunable CW diode lasers or an M-squared SolsTis laser for 870-950 nm, 780-870
nm, and 670-780 nm, respectively. A shear plate is used to guarantee collimation of
light emitted from the fibers.



APPENDIX A. CONFOCAL SPECTROSCOPY SETUP 83

Figure A.5: Confocal pinhole and spectral filtering: The key principle behind
confocal spectroscopy is the use of a pinhole in a conjugate plane to that of the sample.
In this way, all light that is not from the focal plane is rejected. The pinhole is at
the focal length of lens 1, and lens 2 collimates the light again for detection. Narrow
band-pass filters (BP) and a set of low-pass filters (LP Set) are used for spectral
filtering of emission. The HWP selects between a CCD camera for k-space imaging
and the free-space detection pathway that leads to the spectrometer.
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Figure A.6: Free-space detection pathway: The spectrometer that can be used
either to capture optical spectra or as a filter for further detection schemes is free-
space coupled. Here, there are three total pathways: (i) the pathway from the setup
shown in the previous figure, (ii-iii) fiber-coupled pathways from other setups for 740
nm and 930 nm, respectively.
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Figure A.7: Fiber detection pathway: Instead of free-space detection, we can also
collect into single-mode fibers that route the light to other detection instruments like
the streak camera, SPCMs, and more. There are two pathways for 740 nm and 930
nm respectively.
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lena Vučković. Hybrid metal-dielectric nanocavity for enhanced light-matter
interactions. Optical Materials Express, 7(1):231, jan 2017.

[30] Irfan Bulu, Thomas Babinec, Birgit Hausmann, Jennifer T. Choy, and Marko
Loncar. Plasmonic resonators for enhanced diamond NV- center single photon
sources. Optics Express, 19(6):5268, mar 2011.



BIBLIOGRAPHY 89
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Generation From IIIV and Group-IV Solid-State Cavity Quantum Systems. In
Advances in Atomic, Molecular and Optical Physics, volume 66, pages 111–179.
jan 2017.
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and Jelena Vučković. Ultrafast polariton-phonon dynamics of strongly coupled
quantum dot-nanocavity systems. Physical Review X, 5(3):031006, jul 2015.

[68] Kai Müller, Kevin A. Fischer, Constantin Dory, Tomas Sarmiento, Kon-
stantinos G. Lagoudakis, Armand Rundquist, Yousif A. Kelaita, and Jelena
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technologies. Nature Photonics, 3(12):687–695, dec 2009.

[79] Richard Soref. The Past, Present, and Future of Silicon Photonics. IEEE
Journal of Selected Topics in Quantum Electronics, 12(6):1678–1687, nov 2006.

[80] M. J. Collins, C. Xiong, I. H. Rey, T. D. Vo, J. He, S. Shahnia, C. Reardon,
T. F. Krauss, M. J. Steel, A. S. Clark, and B. J. Eggleton. Integrated spa-
tial multiplexing of heralded single-photon sources. Nature Communications,
4(1):2582, dec 2013.



BIBLIOGRAPHY 94

[81] Nicholas C. Harris, Davide Grassani, Angelica Simbula, Mihir Pant, Matteo
Galli, Tom Baehr-Jones, Michael Hochberg, Dirk Englund, Daniele Bajoni, and
Christophe Galland. Integrated source of spectrally filtered correlated photons
for large-scale quantum photonic systems. Physical Review X, 4(4):041047, dec
2014.

[82] Thomas Meany, Lutfi A. Ngah, Matthew J. Collins, Alex S. Clark, Robert J.
Williams, Benjamin J. Eggleton, M. J. Steel, Michael J. Withford, Olivier Al-
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