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ABSTRACT

Nanophotonic engineering offers powerful methods of tailoring light-matter interactions. By

manipulating optical environments at the nanoscale, we can influence the rate, direction, and

spectral distribution of optical emission. This thesis describes the foundations of nanopho-

tonic engineering and discusses methods to tailor the optical response of solid-state quantum

materials. We target color centers in diamond membranes and two-dimensional semiconduc-

tors, two classes of optical emitters that offer applications in quantum information processing,

sensing, and integrated optoelectronics. Throughout this work, we emphasize the develop-

ment of nanofabrication processes which are compatible with these materials and enable

sub-wavelength control of their optical environments. Chapter 1 introduces the fundamen-

tals of nanophotonic engineering and provides background on the material systems explored

in this work. Chapter 2 describes the benchtop optical experimental methods that enable

many of the measurements presented later. Following these introductory chapters, Chap-

ter 3 details our approach to fabricating integrated photonics using templated atomic layer

deposition of TiO2. Chapter 4 presents work that leverages this nanofabrication process

to integrate photonic devices with a range of quantum materials. Chapter 5 extends this

approach to a novel device geometry, multi-resonant bullseye antennas. In Chapter 6, we

discuss the application of off-resonant planar cavities to extend the lifetimes of optical ex-

citations in two-dimensional semiconductors. Finally, Chapter 7 provides a summary and

outlook for this work.

ix



Chapter 1

Introduction

1.1 Principles of nanophotonic engineering

Spontaneous emission is one of few truly quantum processes that we directly experience

on a daily basis. From fluorescent lightbulbs to fireflies, many natural and artificial light

sources are generated by the relaxation of electrons in excited atoms or molecules. Before

the development of quantum electrodynamics, it was believed that spontaneous emission

was an intrinsic property of materials.1,2 Insights into quantum uncertainty and vacuum

field fluctuations revealed that these fluctuations in fact induce the electronic transitions

that generate spontaneous emission.3 This fully quantum mechanical description of light-

matter interaction remains one of the great achievements of the twentieth century quantum

revolution.

Due to its field dependence, the characteristics of spontaneous emission are determined

not only by the electronic properties of the emitter, but also by the properties of its lo-

cal electromagnetic environment. Remarkably, an atom’s spontaneous emission profile can

change based on the environment in which it is embedded.2,4 The rate, wavelength, and

spatial profile of emission may all be influenced by the atom’s surroundings. Based on this

realization, mid-century physicists proposed a series of thought experiments to investigate

the implications of quantum theory on the emission of light.5 What would happen if we

could detect the light emitted by a single atom? How would its emission change if it were

placed near a mirror, or inside of a box? These questions, although revealing, were treated

as purely theoretical exercises at the time.

Today, these thought experiments have become reality. Individual atomic systems can be

precisely manipulated in a range of physical settings, from vacuum environments to the solid

state. Laser trapping and cooling can isolate neutral atoms,6 while ion implantation and
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new material growth techniques can define atom-like defects inside crystal hosts.7 Ultrafast

lasers and photodetectors probe these emitters’ optical behavior with increasing spectral

and time resolution. Meanwhile, advanced nanofabrication methods yield sub-wavelength

dielectric and plasmonic structures which can modify nearby electromagnetic fields, directing

spontaneous emission profiles.4

These advancements not only allow fundamental investigations of light-matter interac-

tion, but also enable a broad range of new technologies. By engineering nanophotonic en-

vironments, the characteristics of spontaneous emission can be tailored for applications in

optoelectronics,8,9 bio-sensing,10 and quantum information.11–13 Whether the aim is to en-

tangle spin and optical degrees of freedom, to generate many identical photons, or to detect

subtle changes in molecular environments, many exciting avenues of research are enabled by

engineering light emission.

1.1.1 Fermi’s golden rule

The foundation of emission engineering is Fermi’s golden rule (Eqn. 1.12), which describes

the spontaneous emission rate of a single atom in a given optical field. Deriving this equation

requires considering the time-dependent perturbation of an optical field on the state of a two-

level atom. The total Hamiltonian of the system is the sum of the unperturbed Hamiltonian

and an additional interaction term, H = H0 + HI . When the perturbing Hamiltonian is

turned on, the state of the system can be expressed as a time-varying linear combination of

the stationary eigenstates of H0:

|ψ(t)〉 =
∑
n

an(t) e−iEnt/~ |n〉 (1.1)

Here, |n〉 are stationary states of H0 and En are the corresponding eigenvalues such that

H0 |n〉 = En |n〉. To determine the time-varying behavior of the atom-photon system, and

therefore the atomic transition rate, the time-dependent coefficients an(t) must be found.
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The state evolves according to the time-dependent Schrodinger equation:

H |ψ(t)〉 = i~
δ

δt
|ψ(t)〉 (1.2)

Inserting the total Hamiltonian and the expression for |ψ(t)〉 yields a system of differential

equations, one for each |n〉:

(H0 +HI − i~
δ

δt
)
∑
n

an(t) e−iEnt/~ |n〉 = 0 (1.3)

Operating on the left with the Hamiltonian and time derivative and then cancelling terms

leads to:

i~
∑
n

δan(t)

δt
e−iEnt/~ |n〉 =

∑
n

an(t) e−iEnt/~HI |n〉 (1.4)

Next, multiplying each side with the conjugate of another unperturbed eigenstate, labelled

〈k|, gives the equation:

δak(t)

δt
=
−i
~
∑
n

an(t) e−iωnkt 〈k|HI |n〉 (1.5)

where ωnk = (En − Ek)/~.

We can see from this equation that when HI = 0, the atom-photon state will not change.

The derivatives that describe the time evolution of the system become nonzero only due

to the influence of the optical field. Figure 1.1 illustrates the energy levels of the system

and the available decay pathways from a single initial state with one excited atom and no

emitted photons to a series of discrete states with the atom in its ground state and one

emitted photon in a mode with frequency ω and wavevector k. Labelling the initial state

of the system as |i〉 and all the other states as |k〉, we can state ak(t) = δi,k when there is

no field interaction. Provided that the field interaction Hamiltonian HI can be treated with

3



first-order perturbation theory, we can insert this zero-order value into the above equation

to solve for the first-order correction.

Figure 1.1 – Decay pathways for a two-level atom. The initial state |i〉 represents a single
excited atom and no emitted photons. All other states |k〉 to which the system can evolve
are those with the atom in its ground state and one emitted photon in a mode labelled
by frequency ω and wavevector k. The electronic energy difference between |i〉 and any
accessible |k〉 is the energy of the emitted photon, ~ωik.

δak(t)

δt
=
−i
~
〈k|HI |i〉 e−iωikt (1.6)

Assuming that HI does not vary over the timescale of the atomic decay, integrating with

respect to time leads to an expression for the coefficients ak(t):

ak(t) =
i

~

ˆ t

0
〈k|HI |i〉 e−iωiktdt =

i

~ωik
〈k|HI |i〉 (eiωikt − 1) (1.7)

The probability associated with a particular state |k〉 is:

|ak(t)|2 =
4

~2ω2
ik

| 〈k|HI |i〉 |2 sin2(ωikt/2) (1.8)

Each ground state |k〉 represents a pathway for spontaneous decay, and they must all

be considered collectively in order to describe the atomic transition rate. To calculate the

total time-dependent probability that the atom transitions to its ground state and emits a

photon, we sum the individual probabilities:
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P (t) =
∑
k

|ak(t)|2 =
4

~2

∑
k

| 〈k|HI |i〉 |2
sin2(ωikt/2)

ω2
ik

(1.9)

To account for the continuum of available photonic states rather than a discrete series of |k〉,

we can replace this summation with an integral. Importantly, the probability for an atom

to decay to its ground state depends on the number of photons that the surrounding optical

field can accommodate at the energy difference between those atomic states, ~ωik. Using

ρ(ω) to represent the density of photon states per unit energy at a particular frequency ω,

we can integrate over frequency:

P (t) =
4

~2

ˆ ∞
−∞
| 〈k|HI |i〉 |2

sin2(ωikt/2)

ω2
ik

ρ(ω)dω (1.10)

Here, the integral includes the full continuum of photon states available with the photonic

density of states weighting each of these based on the conditions of the surrounding optical

field. The main nonzero contribution to this integral is restricted to a small region from

ω = −π/t to ω = π/t. Assuming that ρ(ω) does not vary substantially over this region, it

can be brought outside of the integral, as can the Hamiltonian overlap term. Integrating the

remaining function yields:

P (t) =
2πt

~2
|Mik|2ρ(ω) (1.11)

where the transition matrix element Mik = 〈k|HI |i〉. Finally, taking the time derivative

gives the total atomic transition rate, which is also Γ, the spontaneous emission rate of the

single atom system:

Γ =
dP (t)

dt
=

2π

~2
|Mik|2ρ(ω) (1.12)

This result is known as Fermi’s golden rule. It states that the spontaneous emission

rate of an excited atom is constant in time and depends on both the properties of the local

optical field as well as the properties of the emitter itself. We can unravel these intrinsic and
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extrinsic contributions by expanding the Hamiltonian overlap term:

|Mik|2 = 〈µik ·E〉 (1.13)

where µik is the electric dipole moment that corresponds to the transition between atomic

states |i〉 and |k〉 and E is the local optical field. Intuitively, because the atom-field interac-

tion Hamiltonian multiplies the atomic dipole moment with the local electric field, atomic

energy levels with larger associated dipole moments will be more susceptible to transitions

induced by field fluctuations.

Using Eqn. 1.12 and 1.13, we can calculate the spontaneous emission rate of an atom in

a vacuum. In this case, the local optical field is the zero point vacuum field, and:

〈µik ·E〉2 =
1

3
µ2
ikE

2
vac =

1

3
µ2
ik

( ~ω
2V ε0

)
(1.14)

An extra factor of 1/3 comes from averaging over all possible dipole orientations. In free

space, the photon density of states can be calculated by considering how many photon states

with different k values can be accomodated by a finite space of volume V . As shown in Ref.

[14], the photon density of states in free space is:

ρ0(ω) =
ω2V

π2c3
(1.15)

which, combined with Eqn. 1.14, leads to the free space spontaneous emission rate:

Γ0 =
ω3

0µ
2
ik

3πε0~c3
(1.16)

Provided that the transition frequency ω0 and the transition dipole µik are known, the

emission rate of an atom in a homogeneous, free space environment can be calculated using

this equation. With this value as a reference, the effect of a particular environment on

spontaneous emission can be quantitatively assessed relative to free space.
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1.1.2 Modifying emission: interfaces and cavities

Structured environments impose boundary conditions on optical fields, modifying the spon-

taneous emission of nearby emitters. An intuitive interpretation of this phenomenon is that

a dipole emitter is influenced by its own field which is scattered from the local environment

back to the dipole position. This semiclassical understanding clarifies why an atom’s emis-

sion rate is tied inextricably to the condition of its surroundings. It is useful to note that

while a quantum treatment is required to accurately calculate spontaneous emission rates,

a classical treatment can still be used to determine the relative emission rate in comparison

with a reference system.1 In other words, the ratio of an atom’s emission rate to its free

space value is equal in both the classical and quantum treatments:

Γ

Γ0
=

P

P0
(1.17)

Here, P and P0 represent the power radiated by an oscillating classical electric dipole. Using

this framework, the spontaneous emission rate of a dipole can be expressed:1

Γ

Γ0
=

Im[p∗ ·E(r0)]

Im[p∗ ·Efree(r0)]
(1.18)

where Γ0 is the decay rate in free space and Γ is the total emission rate in an inhomogeneous

environment. Here, pe−iωt describes a classical oscillating point dipole representing a two-

level atomic system, E(r0) is the total field at the dipole location including reflections from

the surrounding environment, and Efree(r0) is the dipole field in a uniform medium at the

dipole location.

The simplest inhomogeneous environment is a single planar interface. In 1966, the foun-

dational Drexhage experiments investigated the effect of planar interfaces on the spontaneous

decay rate of molecules.15 These experiments demonstrated how, depending on the dipole-

interface separation and the dipole orientation, emission rates may be increased or decreased
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compared to free space. Figure 1.2 illustrates these dependencies for the case of a single

silver interface. For a dipole parallel to the interface, a standing wave is formed from the

reflection off the silver surface, which causes the emission rate to alternately be increased

or decreased as the dipole moves towards the surface. At small emitter-metal separations,

the dipole couples significantly to plasmonic oscillations in the metal, and the (nonradiative)

emission rate is substantially increased. Similar features can be seen in the perpendicular

dipole case, although the standing wave is much less apparent due to the lack of s-polarized

field contributions. Additionally, the perpendicular dipole couples substantially to propagat-

ing surface plasmon polaritons (SPPs) at small separations, as these guided modes generally

have out-of-plane polarizations.

Figure 1.2 – Dipole emission near an interface. Normalized emission rates for dipoles oriented
parallel (left) and perpendicular (right) to a silver plane are plotted as a function of the
emitter-interface separation, which is normalized to wavelength.

To calculate emission rates in inhomogeneous environments as in Figure 1.2, the dipole

field can be decomposed into its plane wave components, with s and p polarizations con-

sidered separately. Each of these plane wave contributions is multiplied by the appropriate

Fresnel reflection coefficient, which is a function of both polarization and wavevector. The

reflected plane wave components are then integrated to solve for the total field at the emit-

ter position. Propagating surface modes are captured by poles in the reflectivity functions.

Further details about the fundamentals of these calculations can be found in Ref. [16] and
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[1].

Beyond the single interface case, more dramatic changes to dipole emission rates can

occur in environments with multiple interfaces. In particular, if a parallel dipole emitter is

centered between two metallic planes, its spontaneous emission can be entirely suppressed.

This emission cutoff effect was experimentally demonstrated in 1987 by Jhe et al., who

used two mirrors separated by a 1.1 µm gap to probe the anisotropic impact of the cavity

on emission from gaseous atoms.17 Figure 1.3 illustrates the impact of the dual-interface

cavity on parallel dipole emission as a function of interface-interface separation. As before,

at small separations, the dipole emission rate is enhanced by emission into guided modes

and nonradiative excitation of metallic electrons. Critically, when the mirror separation is

near λ/4, destructive interference of the dipole field reflected from either interface eliminates

any modes into which the dipole can emit and the emission rate plunges to zero. As the

mirrors are brought further apart, the space between them eventually becomes large enough

to accomodate a resonant mode that enhances the dipole emission compared to free space.

With further increasing mirror separation, a sawtooth pattern emerges based on the overlap

of the available cavity modes with the dipole emission wavelength.

Figure 1.3 – Parallel dipole emission in a planar cavity. The normalized emission rate for
a dipole oriented parallel to two silver planes is plotted as a function of the mirror-mirror
separation, which is normalized to wavelength.

Perhaps the most technologically significant structures which are commonly used to mod-
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ify emission rates are optical cavities resonant with targeted optical transitions. By confining

and enhancing resonant fields, these devices can dramatically increase spontaneous emission

rates for applications in sensing, quantum information, and more. The photon density of

states for a resonant cavity is a Lorentzian function:

g(ω) =
2

π∆ωc

∆ω2
c

4(ω − ωc)2 + ∆ω2
c

(1.19)

where the cavity has a single mode of frequency ωc and its resonance has a half width

∆ωc. We can consider a single mode when only one resonant mode of the cavity is close in

frequency to the emission frequency of the relevant emitter, even if there are other cavity

modes that are further away in frequency. Evaluating the density of states when the dipole

emission frequency, ω0, is equal to the cavity resonance frequency yields:

g(ω0) =
2

π∆ωc
=

2Q

πω0
(1.20)

where Q is the quality factor of the resonator. Combining this equation with the result from

Eqn. 1.14 for the transition matrix element of the emitter and assuming the optical dipole

moment is aligned to the cavity field gives:

Γ

Γ0
= FP =

3Q(λ/n)3

4π2V
(1.21)

Here, FP is referred to as the Purcell factor and V represents the mode volume of the

cavity. Cavities with higher quality factors and lower mode volumes generate larger Purcell

factors and therefore brighter dipole emission. We note that Equation 1.21 is valid provided

the atom-cavity system is in the so-called weak coupling regime. In the strong coupling

regime, when the coupling rate between the emitter and cavity is substantially larger than

the cavity decay rate and the emission into non-cavity modes, more exotic effects occur. The

emitter and cavity modes can hybridize, leading to vacuum Rabi splitting. More information
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about strong coupling, its applications, and the experimental challenges with achieving this

condition can be found in Ref. [5].

Figure 1.4 – Dipole emission in a resonant, single-mode cavity. The photon density of states
and therefore the emission rate enhancement is a Lorentzian function which peaks at ωc and
has a FWHM linewidth of ωc

The technological impact of Purcell enhancement is high, as this effect can increase

optical sensing bandwidths, enable coherent light-matter interactions, and create spin-photon

interfaces for quantum networks. However, fabricating high quality factor cavities at visible

wavelengths can be challenging because <100 nm critical dimensions are required. Rather

than shrinking Fabry-Perot cavities formed by planar or curved mirrors down to these length

scales, photonic crystals are often leveraged to confine resonant optical modes, as will be

described in the next section.

To summarize, spontaneous emission rates can be modified by structured optical envi-

ronments for a range of technological applications. The three most relevant inhomogeneous

environments for nanophotonic engineering are single interfaces, off-resonant planar cavities,

and resonant cavities. These three canonical structures are illustrated in Figure 1.5, and

each will be relevant to the work presented in Chapters 3-6.
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Figure 1.5 – Dipole emitters in three basic geometries: a single interface (a), a planar off-
resonant cavity (b), and a resonant single mode cavity (c).

1.1.3 Photonic crystal cavities

Photonic crystal cavities (PhCCs) illustrate how advanced nanofabrication methods enable

new approaches to manipulating light-matter interactions, and they are a key element in the

library of nanophotonic devices. Here, we highlight the properties of PhCCs and their basic

operational theory as a way to demonstrate nanophotonic engineering principles.

Photonic crystals are materials in which the index of refraction is periodically modulated.

This index modulation may extend in one, two, or three dimensions, although 1D and 2D

photonic crystals are more experimentally accessible. The most basic photonic crystal can

be constructed by alternating thin films of two materials with different refractive indices.

These multi-layer structures are often used as optical coatings to achieve extremely high

reflectivity, as in Bragg mirrors, or extremely low reflectivity, as in anti-reflection coatings.

To understand the operating principle of 1D Bragg mirrors, we can consider the phase

accumulated by waves which reflect from each interface in the layered film. As illustrated

in Figure 1.6a, a portion of light incident on each interface is reflected and interferes with

all other reflected rays. The phase accumulated by each ray includes contributions from

propagation through each material and an additional π phase if the ray is reflected from a

higher index material to a lower index one, a condition which alternates at each layer. When

the thickness of each layer is such that the phase accumulated through propagation is π/2,

each reflected ray will constructively interfere, leading to extremely high reflectivity. As a

rule of thumb, the layers are designed to have thicknesses d1 = λ/4n1 and d2 = λ/4n2 to
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meet this condition.

A more sophisticated understanding of photonic crystals can be developed by drawing

an analogy to electron wave propagation in crystals. The periodic potential generated by

ions forming a crystal lattice creates an electronic bandgap; the electron wavefunctions are

constrained by the periodic boundary conditions imposed by the ions, which restricts their

available k-vectors. Likewise, in a photonic crystal, the periodic index of refraction constrains

the propagation of light waves through the medium and leads to a photonic bandgap. The

Bloch formalism that describes electron wave propagation carries over directly to the propa-

gation of electromagnetic waves in photonic crystals.18 Figure 1.6b illustrates two symmetric

electric field distributions that are allowed in a 1D photonic crystal, which are separated in

energy by a photonic bandgap.

Figure 1.6 – Operation principle of photonic crystal cavities. (Top) Individual light rays
reflected off a Bragg mirror constructively interfere. The labels n1 and n2 denote the two
refractive indices in the periodic structure, and d1 and d2 denote the widths of the alternating
layers. (Center) Two symmetric distributions of electric field propagating in a 1D photonic
crystal, separated by a photonic band gap. (Bottom) A defect in a 1D photonic crystal
introduces a localized region of high electric field

To generate a PhCC, a defect is introduced in the photonic crystal, which creates a local

optical mode that is otherwise forbidden by the photonic band gap. This localized mode is
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directly analogous to an isolated electronic state within a crystal bandgap that is created by

a lattice defect. We can also think of this structure as bringing two Bragg mirrors into close

proximity. As light reflects between these mirrors, the electric field between them intensifies

before eventually leaking out. With increasing reflectivity, the cavity resonance becomes

longer lived and its quality factor increases. Consequently, the resonance linewidth narrows,

as only wavelengths that are very close together will maintain coherence and constructively

interfere over long times.

In most applications, photonic crystals are implemented in 1D or 2D configurations.

Total internal reflection provides spatial confinement in the directions without periodic index

modulation to create a 3D region of field confinement. The surrounding medium therefore

needs to be sufficiently low index to maintain waveguiding for these devices to function. A

wide range of photonic crystal geometries have been explored, some of which are illustrated

in Figure 1.7. In the 1D case, holes or fins periodically spaced along a waveguide modulate

its effective refractive index. The period of these structures is gradually tapered to create

a cavity region. In 2D, PhCCs are most often fabricated by creating periodically spaced

holes in a 2D slab. Both 1D and 2D devices are typically fabricated through subtractive

processing, often using plasma etching. However, as we will discuss in Chapter 3, there can

be advantages to using additive methods when it comes to integrating photonic devices with

sensitive substrates.

Figure 1.7 – 1D and 2D photonic crystal cavity designs.

Beyond PhCCs, a range of other nanophotonic devices can be used to generate opti-
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cal resonances on the nanoscale. These include ring resonators, whispering gallery mode

resonators, plasmonic bowtie antennas, Mie resonators, and more. In other applications,

integrated photonic devices are used to direct the flow of light or to manipulate its phase,

as in waveguides, grating couplers, Mach-Zehnder interferometers, and zone plates. Each of

these devices can potentially be integrated with quantum and low-dimensional materials to

enable new applications.

1.2 Background on quantum materials

As an umbrella term, the phrase “quantum materials” can have different meanings depending

on context. In this work, we use the term to refer to low-dimensional material systems with

properties that are defined by quantum mechanics. Specifically, the material systems we tar-

get are optically active point defects in diamond and two-dimensional semiconductors. Each

of these systems offers unique opportunities and challenges for nanophotonic engineering.

1.2.1 Point defects in diamond for quantum optical networks

Recent advances in the control of quantum systems have revealed the potential for tech-

nologies which capitalize on the strangeness of non-classical phenomena. From powerful

information processing19 and simulation20 to ultra-precise sensing21 and invulnerable com-

munication,22 quantum technology promises to deliver a wide range of new capabilities. To

deliver these applications, we require the ability to tailor interactions between distinct quan-

tum systems and to scale those interactions to encompass many connected and controllable

quantum nodes. Optical quantum networks are a promising avenue to achieve this goal.

Using photons, which can travel long distances with minimal decoherence, optical networks

are capable of transmitting quantum information and distributing entanglement.23–25 They

are also compatible with existing telecommunication fiber technology26,27 and thus offer the

possibility of long-range quantum communication.
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The fundamental building block of quantum optical networks, as they were originally

proposed,28 is the atom-cavity node. As discussed earlier in Chapter 1, nano-optical cavities

can confine light in a volume on the order of one cubic wavelength, which greatly increases

the interaction cross section of a single photon with an atom. In quantum networks, this

enhanced light-matter interaction serves two functions. First, through the Purcell effect,2

cavities can significantly increase spontaneous emission rates. Greater spontaneous emission

of photons leads to increased entanglement generation rates in communication networks and

larger bandwidths for sensing applications. Second, cavity-enhanced light-matter interaction

enables the manipulation of internal atomic states with individual photons. Atoms and

cavity photons can interact through resonant scattering processes29 and coherent energy

swapping,28 enabling quantum logic gates.30 To form an integrated network, atom-cavity

nodes are linked via optical channels, allowing quantum states to be transferred and for

entanglement to be distributed between nodes.

Figure 1.8 – A quantum optical network. Switchable optical channels connect atom-cavity
nodes which provide spin-photon interfaces.

Experiments in the last decade have demonstrated necessary ingredients of quantum opti-
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cal networks in a variety of material systems. Arguably the most developed of these platforms

is trapped neutral atoms, in which deterministic quantum state transfer, entanglement distri-

bution, and quantum logic gates have been demonstrated.31,32 However, networks of trapped

atoms are not easily integrated with nanoscale electrical and optical devices and are difficult

to scale. Solid-state platforms, meanwhile, leverage mature nanofabrication techniques to

offer straightforward integration and scalability.33 Optically active point defects are partic-

ularly promising for quantum applications, as they can be created with highly reproducible

emission profiles and are easily addressed by external fields.34 Although inhomogeneous

broadening can complicate quantum protocols which require identical photons, remarkable

achievements have been made using solid-state defects for optical networking.27,35

Due to its wide electronic bandgap and rigid crystal lattice, diamond supports a variety

of fluorescent point defects which can be isolated as single photon emitters. Among these,

by far the most widely studied is the nitrogen-vacancy center (NV), which is comprised of a

substitutional nitrogen atom next to a vacancy in the diamond carbon lattice. NVs exhibit

long spin coherence times, even at room temperature, and possess spin-conserving optical

transitions which offer an efficient means of initialization and read-out.36 These features

make them excellent sensors for nanoscale magnetometry37 and thermometry.38 However,

zero phonon line (ZPL) emission constitutes only ≈ 4% of total emission from NVs. While

this fraction can be enhanced via integration with photonic crystal cavities,39 it remains an

impediment to reliable generation of indistinguishable photons from distinct NVs. Moreover,

because NVs possess a nonzero static electric dipole moment, their optical transitions shift

in response to local variations in electric field and strain.40 Dephasing due to local charge

fluctuations is even more apparent for NVs localized within nanostructures,39 where they

are closer to surfaces. This combination of low ZPL emission and spectral diffusion hinders

the use of NVs for photon-mediated entanglement between quantum nodes.

On the other hand, defects with inversion symmetry, such as the silicon-vacancy (SiV)
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and germanium-vacancy (GeV) centers in diamond, have no permanent static dipole mo-

ment and therefore minimal spectral diffusion and inhomogeneous broadening.41–43 These

group IV defects consist of an interstitial impurity atom which sits between two vacancies

in the diamond lattice. The SiV and GeV belong to the D3d point group, which has the

further consequence that their optical transitions occur between states with similar charge

densities.44 As a result, due to the Franck-Condon principle, the SiV and GeV optical tran-

sitions do not couple strongly to local lattice vibrations. Both of these defects therefore show

strong ZPL emission, accounting for around 70% of photons emitted. They are also very

bright, saturating at 100-200 kcps for individual emitters.42 With strong and stable emission

spectra, this new class of defects are excellent candidates for integration in quantum optical

networks.

Figure 1.9 – SiV and GeV spectra in a diamond membrane. For both defects, four peaks
correspond to transitions between electronic states split by spin-orbit coupling. Insets show
the interstitial impurities in the diamond lattice corresponding to each color center. Figure
credit Xinghan Guo.

The electronic structure of both the SiV and GeV features spin-1/2 ground and excited
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states with double orbital degeneracy that is split by spin-orbit coupling, as illustrated in

Figure 1.9. This splitting creates a four-level energy structure with optical transitions around

602 nm for the GeV and 737 nm for the SiV. Since germanium is heavier than silicon, the

GeV’s spin-orbit splitting is larger than that of the SiV (though less than that of the more

recently discovered tin-vacancy45,46 and lead-vacancy centers47,48), which is advantageous

for coherent microwave control of spin states and potential spin-photon interfacing.49 It

should be noted that the spin coherence of the group IV color centers is modest due to

acoustic phonon scattering between the two ground orbital branches.12 Dilution refrigerators

are generally required for experiments relying on spin manipulation of these defects, a key

disadvantage in comparison to the NV center.

Recent work exploring the optical coherence properties of group IV color centers has

revealed their promise for quantum networking applications despite their relatively low spin

coherence. For example, SiVs have been shown to produce identical photons in bulk dia-

mond43 and have been implanted in nanoscale waveguides and photonic cavities.35,50 For

SiVs in nanophotonic structures, inhomogeneous broadening of around 20 GHz was ob-

served. Despite this broadening, researchers were able to generate indistinguishable photons

from these defects through tunable Raman transitions and used this method to generate

two qubit entanglement for SiVs in an optical cavity.35 Recent interrogations of the GeV

show that, unlike the SiV, its excited state lifetime does not depend strongly on temper-

ature and shows greater sensitivity to local photonic environments.51 These observations

indicate a high quantum efficiency, making the GeV particularly promising for use in inte-

grated photonic quantum networks. GeVs implanted in diamond waveguides demonstrated

linewidths (≈ 73MHz) slightly less than three times the lifetime-broadened value (≈ 26

MHz).51 In these waveguide structures, researchers showed optical Rabi oscillation decay

times of approximately 6.5 ns at 5K. Impressively, in one experiment, a single GeV was

able to extinguish 18% of a weak, resonant laser in one pass through a waveguide.51 These
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results demonstrate the potential for high cooperativity interfaces between single GeVs and

nanophotonic cavities, which would enable deterministic interactions with single photons.

More recently, GeVs have also been incorporated into micro-ring and micro-disk optical

resonators fabricated from 300 nm-thick diamond membranes.52 Ensembles of GeVs were

integrated into membranes during growth, and micro-structures were subsequently patterned

via etching into the diamond. The quality factor of these micro-resonators was only 1500,

yielding a fairly modest fourteen times emission rate enhancement from the GeVs. Still,

integration of GeVs with photonic resonators is a significant step towards implementing

these defects in optical quantum networks, and incorporation into membranes will allow

more efficient optical manipulation of these emitters compared to those in bulk diamond.

Figure 1.10 – Diamond membrane fabrication and integration. (a) He+ implantation and
annealing forms the membrane and a graphitized layer underneath. (b) Color centers are
incorporated either through in-situ doing during isotopically purified overgrowth (right) or
ion implantation after overgrowth (left). (c) Membranes are undercut via electrochemical
etching. (d) The membrane is picked up by a PDMS/PC stamp (green/purple), flipped onto
another PDMS stamp (green), and bonded to a carrier wafer by HSQ resist (blue). (e) The
membrane is back-etched to remove damaged material. (f) Microscope images of patterned
overgrown membranes (left) and a transferred and back-etched membrane on a fused silica
wafer (right). The rectangle on the right indicates a trench etched prior to the transfer to
create a suspended region. Figure reproduced from Ref. [53].
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Diamond membranes offer a range of benefits as hosts for quantum emitters. This geom-

etry provides greater access to the spin and optical transitions of point defects and enables

larger electric, magnetic, and strain fields to be applied in their vicinity. Moreover, mem-

branes allow greater photon collection efficiency, which is a common issue in bulk diamond

experiments due to the high refractive index of diamond. Photonic device integration is

also benefitted by the membrane geometry, as we will explore in Chapters 3 and 4, because

nanophotonic interfaces can be generated without etching sub-wavelength structures into

the diamond lattice itself.

In our group, we have developed methods to efficiently fabricate and transfer single crystal

diamond membranes and to incorporate coherent color centers into these films.53 Figure 1.10

illustrates these processes. The membrane fabrication begins with He ion bombardment and

annealing, which creates a graphitized layer with uniform depth across the diamond bulk.

Overgrowth through chemical vapor deposition is then used to generate a single crystal layer

on top. Color centers can be incorporated during this growth step or afterwards via ion

implantation. A combination of electrochemical etching and polymer-based dry stamping is

used to undercut, release, and transfer individual membranes to carriers. The membranes

are adhered to the substrate with hydrogen silsesquioxane (HSQ) and can be placed over

etched trenches if suspended areas are desired. Finally, damaged material previously on

the bottom side is etched away using plasma etching. The integration capability of this

membrane platform promises next-generation quantum network nodes in which a variety of

optical, electronic, and microfluidic devices can be combined into functional heterostructures.

1.2.2 Two-dimensional transition metal dichalcogenides

At the same time that research surrounding solid-state quantum control has intensified in

the last decade, two-dimensional (2D) materials have likewise attracted an increasing level

of scientific interest due to their unique mechanical, electronic, and optical properties. These
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so-called van der Waals materials feature strong in-plane bonds and weak out-of-plane bonds,

allowing atomically thin layers to be separated from their bulk crystals. Of particular in-

terest for photonics and optoelectronics are the family of transition metal dichalcogenides

(TMDs),54 which feature remarkably strong optical responses that are widely tunable by

doping, strain, and external fields.55

The unique optical properties of monolayer TMDs arise from their 2D confinement and

crystal symmetry. The most widely studied TMDs are those containing group VI elements

in a molecular structure MX2, where M = Mo or W and X = S, Se, or Te. A monolayer

of these materials has an X-M-X structure in the z-direction and a honeycomb lattice with

broken inversion symmetry in the x-y plane, as illustrated in Figure 1.11a. In their bulk

form, TMDs are indirect bandgap semiconductors. When reduced to a monolayer, however,

their bandgap becomes direct, as out-of-plane pz orbitals that contribute to electronic states

at the Γ point no longer play a role in the band structure of the monolayer.56 Consequently,

the indirect bandgap between the Γ point and a point along the Γ-K direction grows, leaving

the doubly degenerate direct gap at the K and K’ points to dominate.

Owing to the direct bandgap and reduced dimensionality in 2D TMDs, their optical

response is governed by tightly-bound excitons (Figure 1.11a). Excitons are bound electron-

hole pairs which are formed via absorption of photons. A photo-excited electron and the

positively charged hole it leaves in the conduction band are attracted through the Coulomb

interaction to form this hydrogen-like quasiparticle. In a 2D material, the electric field

lines which mediate the electron-hole interaction pass both through the semiconducting host

material and through the surrounding medium, typically a dielectric. Reduced electrostatic

screening in the surrounding dielectric, combined with 2D confinement and large effective

electron masses, causes exciton binding energies to be significantly larger for excitons in 2D

TMDs than for those in bulk crystals.58,59 In TMDs, these binding energies are in the range

of hundreds of meV, over an order of magnitude larger than those in quasi-2D quantum
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Figure 1.11 – Optical response of monolayer transition metal dichalcogenides. (a) 2D-
confined excitons comprised of photo-excited electron-hole pairs in monolayer TMDs. (b)
Optical spectra corresponding to exciton resonances in molybdenum- and tungsten-based
TMDs on SiO2 substrates and encapculated in hBN. Reproduced from Ref. [57] (c,d) Band
structure of molybdenum- and tungsten-based 2D TMDs and valley-dependent optical se-
lection rules. Reproduced from Ref. [55].

wells.60 They correspond to exciton Bohr radii of around 1 nm and rapid radiative decay

times on the order of 10-100 ps at low temperature.55

With these dominant exciton dynamics, monolayer TMDs exhibit highly efficient light-

matter coupling. One experiment which demonstrates the out-sized effect an individual

monolayer can have on incident light is the work by Scuri et al. from 2018.61 These re-

searchers created an atomically thin mirror from monolayer MoSe2 with an observed re-

flectance of 85% at its exciton resonance. In the absence of nonradiative decay mechanisms,

a TMD monolayer behaves as a perfectly reflective mirror through resonant scattering and de-

structive interference. With the increasing quality of monolayer TMDs, radiative linewidths

can be nearly ten times larger than nonradiative linewidths, enabling this landmark result.61

Improvements to monolayer TMD optical quality are in large part due to encapsulation

in hexagonal boron nitride (hBN), another van der Waals material that is chemically inert

and electrically insulating. As shown in Figure 1.11b, encapsulation significantly reduces
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inhomogeneous (nonradiative) broadening.57 In the case of MoS2, encapsulation has been

shown to reduce photoluminescence linewidths from 50 meV to 2 meV at 4K by protecting

the monolayer from charge transfers, local electric fields, and substrate roughness.57 Encap-

sulation is essential to nanophotonic engineering with 2D TMDs, as it allows radiative decay

to dominate over nonradiative decay mechanisms.

Importantly, exciton resonances in TMDs are highly tunable via manipulation of elec-

trostatic screening in and around monolayers. By encapsulating in a dielectric, for instance,

exciton resonances redshift due to increased screening compared to ambient conditions.62

Resonances can similarly be tuned through electrical doping of the monolayer via applied

gate voltage.63 Simply depositing an electrode in contact with a monolayer therefore enables

direct control of light-matter interactions in TMDs. For example, in the work by Scuri et

al., the high reflectance of the MoSe2 monolayer was switched on and off by modulating its

free carrier density.61 By sweeping a gate voltage between the monolayer and the backside

of its substrate, researchers changed the monolayer doping from intrinsic to n-type and were

able to extinguish the high reflectance of light tuned to the intrinsic exciton resonance.

Strong, tunable exciton dynamics are not the only unique optical property of monolayer

TMDs. Due to their broken inversion symmetry and strong spin-orbit coupling, they also

exhibit spin-valley locking at their K and K’ points. The spin-orbit interaction causes spin

splitting of several hundred meV in the valence band and a few to tens of meV in the

conduction band, with spin states oppositely ordered in opposing valleys.64 The ordering

of these spin sub-levels differs for Mo- and W-based materials, as shown in Figure 1.11c.

The level arrangement leads to valley-dependent chiral optical selection rules: righthand

circularly polarized light (σ+) is absorbed in the K valley while lefthand circularly polarized

light (σ−) is absorbed in the K’ valley. As a result, excitation with one circular polarization

leads to valley polarization of excitons in monolayer TMDs.65 It has further been shown that

the energetic degeneracy at these points can be lifted with an applied magnetic field.66,67
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Investigating and manipulating intertwined spin-valley dynamics is an area of increasing

interest in 2D TMD research.

Finally, due to their bond structure, monolayer TMDs are easily assembled into het-

erostructures and transferred to arbitrary substrates. Stacking TMDs with other van der

Waals materials can improve their optical quality, as in the case of encapsulation with hBN,

or add new functionalities.68 For instance, heterostructures of two distinct monolayers (ex.

MoSe2 and WSe2) can support interlayer excitons in which the hole and electron reside in

separate layers. Additionally, the twist angle of the individual layers in these heterostructures

can be tuned to modulate their electronic bandstructure and transport properties.69,70

Figure 1.12 – Assembly of van der Waals heterostructures. (a) A computer-aided positioner
aligns a polymer stamp (polycarbonate (PC) film on polydimethylsiloxane (PDMS)) to an
exfoliated flake. When heated, the PC layer adheres to the 2D material and lifts it off the
substrate as the stamp is retracted. (b) This alignment and pickup process is repeated with
additional layers. (c) The full stack of 2D materials and PC film can be disengaged onto
an arbitrary substrate with additional heating. (d) The PC film is dissolved in chloroform,
leaving the heterostructure behind.

A variety of techniques exist to assemble heterostructures from 2D TMDs. Often, dry

stamping with heated polymers is used to pick up individual exfoliated flakes and stack them

together.71 In our work, we use such a method, as shown in Figure 1.12. A polycarbonate

(PC) film is placed on a polydimethylsiloxane (PDMS) stamp, which adheres to an exfoliated

sample when heated. After individual layers are aligned and stacked, the PC film can be

disengaged from the PDMS stamp and then dissolved in chloroform. With this technique, we

can assemble heterostructures from 2D TMDs, hBN, and graphene that are tens of microns

in lateral dimension.72 Generating wafer-scale monolayers and heterostructures remains an

outstanding challenge in this field, though recent advances in TMD monolayer growth73

25



and new large-area exfoliation techniques74,75 could significantly expand the technological

applications of 2D TMDs.

Due to their excellent integration capability and efficient light-matter coupling, 2D TMDs

offer a rich platform for nanophotonic engineering.9,76–78 In the simplest geometries, planar

interfaces have been used to manipulate exciton radiative lifetimes by an order of magni-

tude through destructive and constructive interference.79–81 In the weak coupling regime, 2D

TMDs have been integrated with a range of nanophotonic and plasmonic structures, includ-

ing photonic crystals82, waveguides83,84, nanoantennas78,85, and microdisks86,87 to enhance

and direct their photoluminescence emission. Meanwhile, strong coupling between excitons

and optical cavities has opened up new research into the properties of exciton-polaritons, hy-

brid light-matter states formed via coherent energy swapping between the two resonances.77

Further developments in nanophotonics fabrication techniques will help unlock the potential

of 2D TMDs for optoelectronics applications.

26



Chapter 2

Experimental Techniques

ABSTRACT

The optical properties of solid state systems can be probed by a wide range of spectroscopic

techniques, including photoluminescence, reflection, and resonance scanning spectroscopy.

These measurements enable investigations both of engineered nanophotonic environments

and of their influence on the optical emission from nearby materials. For quantum and

low-dimensional systems, high degrees of spatial resolution, contrast, and light collection

efficiency are generally required to collect meaningful optical data. Confocal microscopy

satisfies these conditions while providing a flexible platform for a variety of measurement

protocols. In this section, we will introduce the core principles of scanning confocal mi-

croscopy. We will then describe the confocal apparatus used for the majority of optical

experiments described in later chapters.

2.1 Principles of confocal microscopy

Confocal microscopy relies on spatial filtering to restrict light collection to a small region

of a sample. In most set-ups, laser light is focused onto the sample surface by an objective

lens and emitted light is collected through the same lens. Before arriving at a detector, the

collected light is focused onto a pinhole which shares the same focal plane as the sample

surface, hence the name “confocal” microscope. Eliminating out-of-focus light from the

detection pathway enables high-contrast, high-resolution imaging. The role of the spatial

filter can be fulfilled by either a pinhole aperture or a single-mode fiber, provided that either

aperture is positioned at an image plane which is conjugate to the sample surface.
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With both excitation and collection restricted to a small region of a particular focal

plane, selectivity and spatial resolution are enhanced relative to widefield microscopy, in

which a large area of the sample is flooded with light that then passes directly to a detector.

Generally, the maximum lateral spatial resolution for confocal microscopy is 0.61λ/NA,

which corresponds to the Abbe diffraction limit1. While there are techniques using near-

field optics or nonclassical photon statistics to exceed this resolution limit,1,88 we will not

discuss them here. In order to reach this high resolution, only a small area of the sample is

probed at a time. Therefore, to construct a complete two-dimensional image of a sample,

either the sample or the illumination source must be scanned in the focal plane. Enhanced

spatial resolution therefore comes at the cost of increased experiment time.

Figure 2.1 – A basic confocal microscopy set-up. A laser source is out-coupled from a single
mode fiber (F1) by an objective (O1), reflected by a dichroic mirror (DM) and focused (O2)
onto a sample. Red-shifted signal is transmitted through the dichroic and coupled (O3) into
another single mode fiber (F2), which is then coupled to a detector.

The confocal principle can be applied to a wide range of microscopy techniques, both

linear and nonlinear as well as pulsed and continuous wave. To discriminate excitation

light from signal, wavelength and/or polarization filters are often required, depending on

application. Dichroic mirrors and polarizing beam splitters can be used for these purposes.
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In the generic confocal set-up shown in Figure 2.1, a dichroic mirror (DM) separates red-

shifted photoluminescence (PL) signal from the excitation path. For this experiment, a laser

source is sent through a single-mode fiber (F1) and is then collimated by an infinity-corrected

objective (O1). The collimated beam reflects off the dichroic mirror (DM) and is directed to

the back aperture of another objective (O2), which focuses the beam onto the sample surface.

After interacting with the sample, the incident light is reflected and scattered, generally at

both the excitation wavelength(s) as well as at shifted wavelengths. A portion of this light

is collected by the illumination objective (O2) and re-collimated. The red-shifted PL signal

passes through the dichroic mirror (DM) and is directed to the detection optics. Here, the

beam passes through the inverse of the excitation pathway; an objective (O3) focuses the

light onto the aperture of a single-mode fiber (F2), which is connected to a detector (D).

Only the light which emanated from the focus of the illuminating objective (O2) is accepted

by the single mode fiber.

To achieve the maximum possible spatial resolution and collection efficiency in a home-

built confocal microscope, it is important to consider the widths of the objective apertures

and beams as well as the numerical aperture of each component. In particular, to ensure the

focus spot size on the sample is as small as possible, the back aperture of the illuminating

objective should be completely filled if not slightly over-filled. Matching the beam diameter

to the aperture size ensures the full numerical aperture of the objective is used for focusing.

This condition is summarized in the following equation:

D = 2f tan(arcsin(NA)) (2.1)

where NA is the numerical aperture of the illuminating objective, f is its effective focal

length, and D is the beam diameter which fills its back aperture.

With a few additional optics, the apparatus depicted in Figure 2.1 can be modified to

enable the excitation laser to scan across the sample surface. The confocal microscope shown
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Figure 2.2 – A basic scanning confocal miroscope. A scanning mirror (SM) and lens pair
(L1, L2) are used to adjust the position of the excitation laser relative to the sample.

in Figure 2.2 features a voltage-controlled scanning mirror (SM) and two lenses (L1, L2) in

front of the illuminating objective. The two lenses are positioned such that their focal

planes coincide and the distance from the second lens to the objective is equal to that lens’s

focal length. In this arrangement, adjustments to the angle of the scanning mirror shift the

position of the beam focus on the sample surface. Figure 2.3 illustrates this function in more

detail. In this schematic, the illuminating objective is depicted as a single lens for simplicity.

Note that the focal lengths of L1 and L2 do not need to be identical. These lenses can

therefore simultaneously act as a telescope to adjust beam diameter for objective aperture

filling.

Figure 2.3 – Confocal microscopy scanning principle. As the steering mirror angle is rotated
(purple beam versus cyan beam), the lens pair (L1, L2) plus objective lens (L3) move the
lateral position of the beam on the sample.
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2.2 Experimental apparatus

At its core, our experimental apparatus functions in the same way as the generic set-up

displayed in Figure 2.2. Single mode fibers function as spatial filters for confocal imaging

while a pair of large lenses are used to scan focal regions across a sample surface. The

apparatus was designed to enable a wide range of optical measurements, both at room

temperature and in a 4K cryostat. In this section we will walk through the elements of the

set-up and the design choices made during its construction.

The schematic in Figure 2.4 shows all of the major elements of the optical apparatus,

neglecting additional steering mirrors for simplicity. Asterisks indicate optical components

which are mounted on either magnetic mounts or flip stands and can therefore be easily

removed from the beam path during an experiment. With this capability, the apparatus can

be reconfigured to probe a wide range of material systems, including nanophotonic structures,

color centers, and 2D semiconductors.

Figure 2.4 – Full benchtop experimental apparatus. Four fiber-objective beam launchers
(O1-O4) create multiple collection and excitation pathways. Two galvanometers (G1, G2)
function as scanning mirrors to control beam position. Pellicle beam splitters are used
to combine or add additional beam paths (P1, P2) and to enable sample viewing (P3,
P4). A removable mirror controls whether the beams are directed to the cryostat or room-
temperature sample mount. All optics with an asterix are on magnetic or flip mounts for
reconfigurability.

As shown on the right-hand side of Figure 2.4, a removable mirror controls which of

two illuminating objectives is used for a given experiment. One objective is connected
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to a 4K cryostat while the other is used for room temperature measurements. Generally,

the room temperature sample mount is used for rapid characterization of nanophotonic

structures via transmission or reflection spectroscopy. The 4K set-up meanwhile is used for

photoluminescence, resonance scanning, and reflectivity measurements on quantum defects

and two-dimensional materials.

For virtually all of these experiments, it is necessary to locate regions of interest on a given

sample. The lamp and camera located between the two large lenses (L1, L2) can be added

to the beam path with pellicle beam splitters (P3, P4) attached to flip mounts. When both

pellicles are inserted, the region of interest can be located by adjusting the sample mount

position while looking into the camera view. Inside the cryostat, a stack of piezoelectric

scanner-positioners manipulates the sample position, and the room temperature mount is

adjusted using a manual three-axis translation stage plus a piezo-controlled z-axis for fine

focusing.

Focal regions for excitation and collection are positioned using scanning mirrors with the

sample position held fixed. In our case, two separate voltage-controlled galvanometers (G1,

G2) direct beams onto the two primary lenses (L1, L2). This dual scanning capability enables

increased functionality. For example, an excitation laser can be fixed by one galvanometer

while the collection focus is scanned across the sample with the other. This feature is critical

for the polarization-resolved experiments described in Chapter 4.2. Likewise, for transmission

spectroscopy of nanophotonic structures, the multi-port set-up enables physical separation

between static collection and excitation spots on the sample surface, as described in Chapter

3 and Chapter 4.1.

Each galvanometer steers collimated beams that originate from single-mode fibers coupled

to objectives (O1, O2, O3, O4). These objective-fiber pairings can be reconfigured at any

time by changing the patch fibers to which they connect. Typically, objective O1 is used

for photoluminescence excitation with a green diode laser and O4 is used for broadband
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excitation with a supercontinuum source. Objectives O2 and O3 are generally connected to

detectors, either avalanche photodiodes (APDs) or a spectrometer connected to a charge-

coupled device (CCD) camera.

The particular objectives at each of the four fiber-launching ports were chosen with

the aim of optimizing light collection efficiency by matching beam diameters to the back

apertures of the illuminating objectives. The Zeiss 100x objective used for cold temperature

measurements has an NA of 0.75 and effective working distance f = 1.65 mm, corresponding

to a back aperture diameter of 3.74 mm, using Eqn. 2.1. To match this diameter, given the

beam reduction of 3.2 arising from the two lenses (L1, L2), the collimated beam diameters

should be approximately 11.8 mm. We chose Olympus 4x objectives with effective focal

lengths f = 45 mm for O1-O3. Given that each fiber has an NA = 0.12, these objectives

yield beams with diameters 10.88 mm, close to the desired width.

A different beam diameter is required to match the back aperture the illuminating objec-

tive used for room temperature measurements. The Olympus 100x used for these experiments

has an NA = 0.9 and f = 1.8 mm, which implies a back aperture of 4.08 mm. However,

the nanophotonic structures characterized with this set-up include grating couplers which

accept light at a much smaller angle than that implied by the full objective NA, often in as

narrow a region as 10-15 degrees. This narrow coupling implies an optimal beam diameter

of 0.63 – 0.93 mm at the back aperture of the objective, which corresponds to a 2.02 – 2.98

mm collimated beam. We therefore chose an Olympus 20x objective with f = 9 mm for O4,

yielding a beam diameter of 2.16 mm.

To clarify how the multi-port confocal apparatus is reconfigured for different experiments,

we show two examples of experiments for which is it commonly used. The first instance,

shown in Figure 2.5, enables PL mapping of quantum defects and excitons in TMDs. A green

diode laser reflects off a dichroic mirror (DM) and is steered by a galvanometer onto a sample

inside the cryostat. Red-shifted light is collected via the same beam path, passes through
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Figure 2.5 – Experimental apparatus configured for photoluminesence spectroscopy.

the dichroic mirror, and is directed to both a spectrometer and APD with a pellicle beam

splitter (P1). In another instance, shown in Figure 2.6, collection and excitation pathways are

steered separately by the two galvanometers to enable transmission spectroscopy of optical

resonators. A broadband supercontinuum source is coupled into a nanophotonic structure

in one position while the detection optics are focused on a separate region by the other

galvanometer. Using a visible laser that is collinear with the detection pathway enables the

collection region to be positioned precisely on the sample surface. These illustrations give a

sense of how the apparatus is used and context for the design choices that were made, though

there are a range of other configurations and optical measurements that are also enabled by

this set-up.

Figure 2.6 – Experimental apparatus configured for transmission spectroscopy of nanopho-
tonic devices.
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Chapter 3

Nanophotonic Device Fabrication with Templated

Atomic Layer Deposition†

ABSTRACT

As discussed in Chapter 1, quantum and low-dimensional materials offer unique opportunities

for nanophotonic engineering. However, these systems can be challenging to integrate into

nanoscale devices while maintaining their desired properties. In the case of diamond color

centers, etching subwavelength features into the diamond lattice introduces strain and poorly

controlled surface states which degrade the spin and optical coherence of quantum emitters.

2D materials, meanwhile, are easily degraded by etching processes and are highly sensitive

to strain. With these target systems in mind, we developed a novel approach to interfacing

nanophotonic devices with optical materials of interest based on templated atomic layer

deposition (ALD) of TiO2. This process can build low-loss, high quality factor resonators on

arbitrary substrates without exposing them to etching, enabling efficient optical interfaces

with quantum materials. In this chapter, we provide an overview of the process and explain

in detail its most critical elements, the electron beam lithography and TiO2 deposition. We

then demonstrate high quality factor ring resonators and photonic crystal cavities fabricated

with this approach.

3.1 Process overview

We begin our fabrication process (illustrated in Figure 3.1 a-c) by patterning device tem-

plates into poly(methyl methacrylate) (PMMA) via electron beam lithography. In some

†. Portions of the work in this chapter were reported in Ref. [89]
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Figure 3.1 – Nanofabrication process. (a) Nanophotonic device templates are patterned
into e-beam resist and then (b) conformally filled with ALD TiO2. (c) Overfilled TiO2 is
etched back and resist template is stripped. (d) 45 degree cross-sectional scanning electron
microscope (SEM) image of a resist trench over-filled with TiO2. (e, f) 30 degree SEM
images of completed nanophotonic structures.
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applications, we follow lithogrpahy with a brief, three second oxygen plasma exposure to re-

move residual polymer adsorbates at the bottom of the templates. In contrast to prolonged

plasma etching, this step does not damage the underlying substrate and simply ensures the

template is clean and ready to be filled.

Next, we use ALD to conformally fill the resist templates with high-index TiO2. To

avoid re-flowing the resist, the deposition occurs at 90 C, which is below the glass transition

temperature of most resists (≈ 105 C for PMMA). A low chamber temperature also ensures

that the TiO2 remains amorphous rather than rutile or anatase. These other phases of TiO2

develop during ALD at higher deposition temperatures and form grain boundaries, which

can lead to scattering loss.90 We significantly over-fill the device templates to help planarize

the top TiO2 surface, where a slight crease forms (Figure 3.1d) due to the conformal filling

profile.

After deposition, we etch away the excess TiO2 with inductively coupled plasma reactive

ion etching (ICP RIE) to expose the resist underneath. Importantly, because we do not etch

through the resist template during this step, neither the substrate nor the device sidewalls

are etched by the ICP. After removing the TiO2 overfill, we chemically strip the remaining

resist and any etch residues with Nanostrip (MicroChem) to reveal the templated devices

(Figure 3.1 e-f). Lastly, we anneal the TiO2 structures on a hot plate at 250 C for at least

two hours, which we found was critical for reducing material optical loss.

3.1.1 Electron beam lithography of device templates

The e-beam lithography step is perhaps the most critical element of this nanofabrication pro-

cess, as the final TiO2 devices are virtually perfect negative images of the PMMA template.

The ideal device template should be fully exposed and developed down to the substrate,

have smooth, vertical sidewalls, and re-create as precisely as possible the critical dimensions

of the device. With resonant photonic devices, these critical dimensions can be as small as
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several nanometers, particularly for photonic crystal cavities which rely on subtle tapering of

sub-wavelength features to achieve high quality factors. An additional, critical consideration

is that e-beam lithography on electrically insulating substrates often leads to charging effects

in which accumulated electrons in the resist and substrate deflect the incident electron beam.

Figure 3.2a illustrates this effect. The result is a distored pattern, with some areas over- or

under-exposed based on the deflection of the beam away from its intended position during

the write.

Figure 3.2 – (a) Illustration of charging effects during e-beam lithography. Negative charge
accumulation in the substrate and resist can deflect the incident electron beam. (b) SEM
image of a PMMA device template that was distorted due to charging effects. (c) SEM image
of a pristine PMMA template. (d) Final TiO2 structure produced by a template similar to
(b). (e) Final TiO2 device produced by a pristine template similar to (c).

A common solution to charging issues during e-beam lithography is the deposition of an
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electrically conductive layer, either on top of or directly underneath the resist. In our case,

we deposit 20 nm of gold as a conduction layer on top of the PMMA before lithography.

However, even with this relatively thick conduction layer, we still observed the results of

charging effects on fused silica, our substrate of choice for device testing due to its low index

of refraction. Figure 3.2b displays distorted device templates that were produced despite

the presence of a conduction layer. When the full fabrication process is carried out using

a template that suffered from charging-induced distortion, the result is a structure which

appears flakey on the edges, with some pieces of TiO2 hanging off the main device structure

and others missing entirely, as pictured in Figure 3.2d. This pathology is due to the template

being under-exposed in areas that jut out from the central waveguide. Because the TiO2 is

deposited on top of an area that is not fully exposed, it can be torn off during the wet etch

removal of the PMMA device template, leaving ragged structures behind.

Fortunately, additional strategies to mitigate charging effects can eliminate these issues.

First, electron beams with lower currents are less susceptible to charging effects. Typically,

beam currents are chosen based on beam diameter and exposure time, with larger beam

currents corresponding to wider beam diameters and therefore reduced resolution but shorter

exposure times. Below a certain beam current (≈ 10 nA on our tool), the beam diameter

is not reduced any further, and smaller beam currents are not commonly used. In our case,

however, we use a 0.3 nA beam current to pattern device templates on glass for the purpose

of reducing substrate charging. Second, the path traversed by the electron beam during

the exposure, or the writing order, can be modified in order to avoid the beam dwelling in

one location long enough to build up negative charge. We generally select a write order

in which the beam jumps around inside the writing field rather than one which follows the

pattern geometry, as shown in Figure 3.3. Third, multipass exposure, in which one pattern

is exposed multiple times in a row with a lower dose, can also reduce the duration of time

the electron beam dwells in a given location. In our case, we expose four times at a quarter
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of the total exposure dose. This method also improves line edge roughness by averaging out

electron beam position noise,91 which benefits our nanophotonic devices. Each of these three

techniques has the drawback of increasing writing time, as there is a fundamental tradeoff

between reducing charging effects and minimizing exposure times. However, put together,

they yield pristine device templates which generate high quality TiO2 devices, as shown in

Figure 3.2d,e.

Figure 3.3 – Electron beam writing order. (a, c) Beam path that follows the feature geometry.
(b, d) Disordered beam path used to mitigate charging effects.

After e-beam exposure, we remove the gold conduction layer with TFA gold etchant

(KI2 in iodine solution) and then carry out a short post-exposure bake (60 s at 115C).

Baking resist after exposure is more common in photolithography as a way to eliminate

standing waves formed by back-reflected UV beams in micron-thick photoresist.92 With e-

beam lithography, there is some evidence it can help generate smoother sidewalls,93 and

we found this step improved our device performance somewhat. The final aspect of the

lithography step is the resist development. During development of a positive resist, short
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polymer chains generated by scission due to electron beam exposure are selectively dissolved

away, leaving the un-exposed areas behind. For our PMMA process, we use a 1:3 MIBK:IPA

mixture as developer and an IPA rinse as the development stopper. To help achieve smooth

sidewalls, we develop on a cold plate set to 7 C.94 In principle, the cold temperature improves

development because shorter polymer chains have lower transition glass temperatures than

longer chains do. Therefore, at lower temperatures, there is a greater selectivity between

short and long chains.

3.1.2 TiO2 deposition and characterization

Besides the lithography of the device templates, the TiO2 growth step is the next most critical

process in this nanofabrication procedure. To ensure the deposited material was high quality,

we characterized amorphous TiO2 films grown with our ALD recipe using a combination of

ellipsometry, atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS).

These methods provide information on the refractive index, surface roughness, and elemental

content of the films, respectively. For our nanophotonics applications, the ideal film would

be uniform and stoichiometric, with a high index and smooth surfaces.

Our ellipsometry data (Figure 3.4a) confirms the deposited TiO2 has a high index over

a broad wavelength range (n > 2.3 out to 1550 nm) and a bandgap of approximately 3.3

eV. We fit a Tauc-Lorentz curve to this data and used this model to gauge film thickness

following deposition and etching processes. The refractive index we measured is consistent

with previous work95,96 and is high enough to maintain waveguiding on a variety of lower-

index substrates.

With AFM (Figure 3.4c,d), we measured the surface roughness of ALD-grown TiO2 films

and the fused silica substrates used to characterize nanophotonic device performance. These

roughness values indicate the bottom and top surfaces of our optical resonators are smooth;

each surface exhibits a root mean square (RMS) roughness of less than one nanometer over
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Figure 3.4 – TiO2 film characterization. a) Real and imaginary refractive index for as-
deposited TiO2, measured on a 250 nm-thick film. b) XPS data for as-deposited TiO2

indicating atomic percentage of various elements versus sputtering etch time, a proxy for
film depth. The titanium line represents the sum of all oxidation states. c) AFM scan of a 1
µm x 1 µm region on a fused silica substrate used for the initial photonics characterization
experiments. d) AFM scan of a 1 µm x 1 µm region of an approximately 700 nm thick TiO2

film after annealing.
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a 1 µm by 1 µm square area. The bottom surface is characterized by polishing marks, while

the top surface shows a tight granular structure which is also visible in SEM images (see

Figure 3.1). We expect the top surface of the TiO2 nanostructures is similar to that of

the thin films, as the TiO2 etching process does not introduce additional roughness. Also,

because AFM scans of the high-aspect ratio (≈ 1:3) nanostructures often include significant

scanning artifacts, the thin film AFM scans are our most reliable indicator of top surface

roughness. It is particularly important that the top and bottom surfaces of our 1D photonic

crystal cavities are smooth because the cavity modes are largely concentrated in these areas

(see Figure 3.7).

We used XPS to determine if carbon and/or nitrogen impurities were present in our

TiO2 films from un-oxidized tetrakis(dimethylamido) titanium (TDMAT) precursor ligands.

Initially, we found significant levels of both carbon and nitrogen in our films, up to 12% and

7%, respectively. Although we do not have optical loss data that proves that these additional

ligand elements negatively impact device performance, their presence likely indicates the

presence of dangling bonds in the amorphous films, which can generate optical loss. We

concluded that the residence time of the precursor gasses in the deposition chamber was

likely too low for the TDMAT oxidation reaction to occur fully, at least at the relatively low

temperature of our deposition process (90 C).

To ensure the oxidation reaction was complete, we modified the sequence in which the

ALD chamber valves were actuated in order to drive up the pressure and residence time of

the oxidizing precursor, which in our case is water. The sequence is as follows: the TDMAT

precursor is pulsed and then purged, then the ALD chamber stop valve is closed. Only

then is the water precursor pulsed into the chamber and allowed to build pressure. After a

few seconds, the chamber stop valve is re-opened and the water precursor is purged. With

this static oxidation process, we were able to virtually eliminate residual TDMAT ligand

elements in our films according to XPS data. Figure 3.4b shows that our films contain
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atomic percentages of carbon and nitrogen that are below the fitting error threshold of the

XPS analysis software used. Beyond a surface level of adsorbed carbon, the film appears

uniform as a function of depth when all titanium oxidation states are summed together.

Curiously, we found that annealing was necessary to observe optical resonances in our

high-Q devices. The annealing temperature, 250 C, was chosen to be low enough to avoid

grain formation in the TiO2,97 and ambient hot plate conditions were taken for convenience.

We suspect that the increase in device performance from annealing is due to the satisfaction of

oxygen vacancies within the waveguiding TiO2. Oxygen vacancies can make amorphous TiO2

films “leaky” in optoelectronic applications98 and could be a source of optical absorption loss

in our cavity devices. Annealing may also lead to densification of the amorphous material

and removal of excess precursor ligands. We have some evidence of these effects based on

XPS data from films that were grown before we began using the static oxidation method.

These films showed reductions in carbon and nitrogen content (from 12.1% to 3.3% and from

6.6% to 1.6%, respectively) after a 2 hr anneal at 250 C. That said, for films grown using

our static oxidation recipe, both the annealed and un-annealed TiO2 films show similar XPS

profiles as pictured in Figure 3.4b, so changes in carbon and nitrogen content from annealing

are not detectable with the resolution of our XPS measurements.

3.2 Nanophotonic devices on fused silica

To demonstrate the performance of this platform for nanophotonic device fabrication, we

designed and built high quality factor optical resonators on fused silica substrates. High-Q

resonators are sensitive to loss from material optical absorption and scattering, particularly

at short wavelengths. Therefore, our measurements of device performance offer compelling

examples of the capability of this nanofabrication approach for low loss photonics.

44



3.2.1 Grating couplers

The resonator devices we fabricated to test our platform all function via on-chip waveguiding.

To efficiently couple far-field beams from our confocal microscopy set-up into and out of

waveguide modes, we designed and fabricated integrated grating couplers. These devices

function through the second-order Bragg condition, as light scattered from individual grating

elements constructively interferes in the direction of the waveguide mode propagation and

couples into the device. In the reverse direction, the waveguide mode scatters off the grating

and constructively interferes at an out-of-plane angle near normal.

Using a ray optics picture, we can determine the grating period which will efficiently

scatter light from a waveguide mode to a particular out-of-plane angle. For constructive

interference, the path length difference between a ray which is scattered off one grating

element should be such that the phase difference between that ray and the one scattered off

the next grating element is a multiple of 2 π:

2π

λ
neffa−

2π

λ
n1b = 2πm (3.1)

Here, neff is the effective index of refraction at the location of the grating element, a is the

grating period, n1 is the refractive index of the surrounding medium, and b is the path length

of the first ray, labelled in Figure 3.5b. Using this geometrical picture, we can re-write this

equation to include θ, the scattering angle:

neffa− n1a sin(θ) = mλ (3.2)

This relationship provides a sense of what grating period is appropriate to achieve phase

matching, and therefore efficient coupling, into and out of a wavegiude mode at a particular

wavelength. However, optimizing grating transmission generally requires numerical simu-

lation, and we relied on parameter sweeps in FDTD simulations to enhance our grating
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Figure 3.5 – Grating coupler design and simulation. a) Device pattern used for e-beam
lithography of grating couplers featuring a tapered waveguide and 60 degree sections of
circular fins. b) Simulated out-coupling transmission spectra for structures with geometry
pictured in a) on fused silica (n = 1.4) substrates. The three curves correspond to gratings
with different circular fin pitch, which sets the peak wavelength (GC 1 pitch 345 nm, GC 2
pitch 407 nm, GC 3 pitch 494 nm). Data have been cropped to indicate the approximate
regions for which each structure has been designed to provide high in- and out-coupling.
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performance beyond this starting point.

Pictured in Figure 3.5a, our design features a tapered waveguide leading to a curved

grating of seven fins. Each fin is a sixty-degree cut of a circle, with increasing radii moving

outward from the waveguide. We used Lumerical FDTD software to simulate how much of

a waveguide mode source is deflected upwards by this structure and optimized this value

depending on the grating’s geometrical parameters. For these simulations, we placed the

devices on an n = 1.4 substrate to approximate the fused silica on which we eventually

fabricated them. The height of the structures was 250 nm, which matches the height of the

resonators that we targeted.

We designed three grating couplers that were optimized for different wavelength ranges.

Each included the same general geometry but with different pitches of the circular fins.

Figure 3.5b shows the transmission spectra of devices with pitches of 345 nm, 407 nm, and 494

nm, which are respectively labelled GC1, GC2, and GC3. After designing optical resonators

for a particular wavelength, we selected the grating coupler design with the highest simulated

transmission at that wavelength and added this structure to the overall device template for

fabrication.

While we did not experimentally determine the coupling efficiency of these gratings, we

note that for each of the three structures we proceeded with, simulated peak transmission

was 40-50%. It should also be noted that light outcoupled from these structures does not

propagate at a 90 degree angle relative to the substrate but rather at an angle 10-25 degrees

from normal, depending on the particular structure simulated. Since our confocal microscopy

set-up is not designed to match this angle, it is unlikely that we are coupling the maximum

simulated percentages of light into and out of our structures. That said, when we couple

an excitation laser into an optical resonator using these gratings, we are able to visually

detect a bright out-coupling spot from the grating on the opposing side (see Figure 3.6 and

Figure 3.7. Therefore, these gratings provide an efficient means of performing transmission
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spectroscopy of on-chip optical resonators.

3.2.2 Ring resonators

Figure 3.6 – Microring resonators on fused silica. (a) Transmission spectrum for a ring
resonator with 5 µm radius. Left inset: camera view of laser in- and out-coupling. Excitation
and collection ports are labelled one and two, respectively. Right inset: high-resolution
resonance scan showing Q = 33,260. (b) 30 degree tilted SEM image of waveguide coupling
region for device in (a). (c) Simulated cross-sectional electric field intensity of the TE
resonator mode. (d) Top-down SEM image of ring resonator in (a), (b).

To demonstrate the performance of this fabrication platform, we first built high-Q mi-

croring resonators on fused silica substrates. Ring resonators can function as spectral filters

in integrated photonic networks99 and are attractive for applications in sensing10 and chiral

quantum optics.100 We fabricated resonators in an add-drop geometry, where two linear bus

waveguides couple to either side of a 5um-radius circular loop (Fig. 2a and d). The waveg-

uides were 300 nm wide and 250 nm tall, with coupling distances of 375 nm between the

buses and resonator (Figure 3.6b). At each end of the bus waveguides, we included grating

couplers that can couple up to ≈ 48% of incident light into and out of the waveguides.
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To probe the ring resonator spectra, we coupled a broadband excitation source into

one bus waveguide and measured transmitted signal through the drop port. As depicted

in the inset of Figure 3.6a, a bright outcoupling spot appears at the opposite end of the

excitation waveguide, where most of the broadband source is transmitted, while a weaker

spot containing only resonant frequencies is detected at the drop port. For these 5 µm -radius

devices, the spectra feature standing wave resonances separated by approximately 5.9 nm.

Because the resonance linewidths are too narrow to be fully resolved by our spectrometer,

we scan a tunable laser across each peak and measure transmitted intensity to accurately

quantify quality factors for these devices. Typical Q values were 20,000-30,000. While it

is challenging to compare resonators with different radii and operating wavelengths, these

values are competitive with state-of-the-art quality factors reported elsewhere.10,101,102 This

result demonstrates that our low-loss templated ALD platform can yield high performance

optical resonators.

3.2.3 Photonic crystal cavities

We next designed and fabricated 1D photonic crystal cavities, which have significantly lower

mode volumes than ring resonators and can consequently induce larger Purcell enhancement

for a given quality factor. Our design features a 150 nm-wide and 250 nm-tall central

waveguide with fins that periodically modulate the effective refractive index along its length

(Figure 3.7a). The cavity region is formed at the center of the waveguide, where the pitch

of the fins gradually decreases by 10%. Quality factors for these structures depend on the

number of fins on either side of the central cavity region, with more fins corresponding to

higher reflectivity and higher Qs. Unlike the ring resonators, in which the resonator modes

are concentrated at the center of the waveguide cross-section Figure 3.6c, we design the 1D

cavities to accommodate a single mode concentrated near the waveguide’s top and bottom

(Figure 3.7b-c). Notably, this design increases the electric field intensity near underlying
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Figure 3.7 – 1D cavities on fused silica. (a) 30 degree tilted SEM image of 1D photonic
crystal cavity. (b), (c) Simulated cross-sectional electric field intensity of the cavity mode
across the cavity center and along the cavity length, respectively. (d) Transmission spectrum
for a 1D cavity on fused silica with 20-fin reflectors. Left inset: camera view of laser in- and
out-coupling. Excitation and collection ports are labelled one and two, respectively. Right
inset: high-resolution resonance scan for 25-fin device in (a) showing Q = 19,640.
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elements, which enhances light-matter coupling in those regions.

To validate the performance and reproducibility of these devices, we first characterized

their spectra on fused silica substrates. Table 3.1 shows that cavity resonance wavelengths

are highly deterministic, with standard deviations in the range of 0.5-1.4 nm. These statistics

were averaged over ten devices with 25-fin reflectors at each of three wavelengths. Although it

was not possible to scan our tunable laser at wavelengths lower than 700 nm, spectrometer

data gives a lower bound for quality factors, which exceed 6,000 for even the shortest-

wavelength resonances. By scanning over device resonances near 710 nm, we measured

quality factors approaching 20,000, more than twice what is approximated by spectrometer-

limited data (Fig 3d). These results, combined with SEM images, indicate that device

sidewalls are sufficiently smooth for high-Q visible frequency operation.

Table 3.1 – Resonance statistics averaged over ten 25-fin 1D photonic crystal cavities at each
of three wavelengths. Due to limited spectrometer resolution, the listed quality factors are
interpreted as lower bounds only.

Mean λ (nm) Std. dev. λ (nm) Mean Q

606.499 0.623 6,040
655.804 0.561 7,210
710.341 1.326 9,070
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Chapter 4

Integrating TiO2 Photonics with Quantum Materials

ABSTRACT

The templated atomic layer deposition process described in the previous chapter is uniquely

suitable for building nanophotonic interfaces with quantum materials due to its integration

capability. Here, we showcase this capability with two applications. In the first, we demon-

strate our platform’s potential to enable spin-photon interfacing with quantum defects by

fabricating high-Q resonators on a single crystal diamond membrane. With cavity modes

concentrated largely within the membrane itself, we show that this platform can enable large

defect-cavity cooperativities for efficient spin-photon interfacing. In the second experiment,

we build an electrically controllable chiral nanophotonic interface with monolayer WSe2 and

demonstrate propagation direction-dependent interactions between waveguide modes and

circularly dichroic excitons. We further show that this nanophotonic waveguide can function

as a near-field source for diffusive exciton fluxes, which display valley and spin polariza-

tions that are inherited from the interface chirality. Overall, the deterministic integration

of nanophotonic devices with both diamond membranes and van der Waals heterostructures

unlocks new ways to manipulate light-matter interactions.

4.1 Integration with diamond membranes†

4.1.1 Introduction

Diamond color centers are a promising basis for emerging quantum technologies due to

their robust spin coherence, optical addressability, and on-chip integration capability.103

†. The work in this section was reported in Ref. [89]
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Nanophotonic resonators are critical for building quantum networks based on these centers,

as they enable deterministic interactions between individual optical photons and electronic

spin states.23 By providing a light–matter interface, integrated nanophotonic devices can me-

diate entanglement between separated color centers28 while simultaneously enhancing their

quantum emission rates and improving photon indistinguishability through the Purcell ef-

fect.2 In order to capitalize on the potential of integrated photonics for quantum networking,

a scalable and deterministic method of device fabrication is needed.

Current methods for integrating diamond color centers with nanophotonic resonators11

suffer from low yield and are often incompatible with the fabrication of other on-chip devices.

These approaches rely on 1) angled or quasi-isotropic etching into bulk diamond to generate

suspended structures,104–107 2) etching devices vertically into sub-wavelength thick diamond

membranes,101,108,109 or 3) etching devices vertically into gallium phosphide-diamond het-

erostructures.110–112 In the last decade, these techniques have enabled landmark demonstra-

tions of zero-phonon line (ZPL) enhancement101,110,113 and coherent light-matter interac-

tions in single devices.35 However, carving wavelength-scale features into diamond damages

and strains the crystal lattice and brings poorly controlled surface states into close proxim-

ity with color centers.114–116 These effects significantly degrade color center spin coherence

compared to bulk values113 and consequently limit operational device yield. Additionally,

suspended structures generated from bulk diamond are subject to geometrical constraints

which complicate their integration with on-chip single photon detectors, electronics, or other

devices that could enhance quantum network functionality.

Scattering from surface roughness creates further challenges for diamond nanophotonics,

particularly in the visible wavelength regime. Along with the nitrogen-vacancy center,117

with its ZPL at 637 nm, several group-IV color centers operate in the visible, including

the silicon-vacancy (ZPL 737 nm),43,118 germanium-vacancy (ZPL 602 nm),49,51 and tin-

vacancy (ZPL 620 nm)45 centers. For a given root-mean-square roughness σ, scattering
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loss is proportional to σ2/λ3.119 Accordingly, to overcome this loss at short wavelengths,

optical devices designed to interact with diamond color centers ought to be exceptionally

smooth. Because diamond is both extremely hard and inert, it is difficult to micromachine

its surfaces smoothly, and quality factors for diamond nanophotonics are often limited by

surface scattering as a result.

An alternative approach is to build nanophotonic resonators on top of diamond mem-

branes rather than out of diamond itself. This strategy avoids micromachining diamond and

consequently minimizes crystal distortion and sidewall roughness in final structures. Im-

portantly, with sufficiently thin membranes, overlying devices retain the potential to enable

coherent single photon-spin interactions. Here, we used templated atomic layer deposition

(ALD)95,96,120 of TiO2 to generate smooth, high-Q optical resonators on a diamond mem-

brane without a substrate or sidewall etching step. With a high refractive index (n > 2.3)

over a broad range of wavelengths and a relatively large bandgap (≈ 3.3 eV),90,95,102 TiO2

is uniquely suited for waveguiding on diamond (n ≈ 2.4) and for visible frequency device

operation, promising efficient spin-photon interfaces with color centers.

4.1.2 Photonic crystal cavities on diamond membranes

To demonstrate the potential of our ALD TiO2 process to interface with color centers in

diamond, we fabricated 1D photonic crystal cavities on a 50 nm-thick single crystal dia-

mond membrane (Figure 4.1a,b). The membrane was generated via ion bombardment and

chemical vapor deposition overgrowth.53,121 It was then adhered to a Si carrier chip using

hydrogen silsesquioxane (HSQ),53,122,123 which we subsequently annealed to produce a low

index substrate. Our fabrication procedure for the resonators on the membrane was identical

to the fused silica case described in Chapter 3, except we built devices slightly taller (300

nm instead of 250 nm) to maintain waveguiding on the higher-index (n ≈ 2.4) diamond.

For 1D cavities on the diamond membrane, we measured quality factors reaching 4,400
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Figure 4.1 – 1D cavities on diamond membranes. (a) Schematic of a 1D photonic crystal
cavity on a diamond membrane. (b) 30 degree tilted SEM image of a cavity on a 50 nm-
thick diamond membrane. (c) Transmission spectrum of device pictured in (b) showing Q
= 4,410. (d) Simulated maximum Purcell factor (FPurcell) across the cavity center given
a quality factor of 4,400. (e) Microscope image of 72 cavities fabricated on a 50 nm-thick
diamond membrane with 200 µm x 300 µm lateral area.
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(Figure 4.1c), with the majority of devices showing Q ≈ 4,000. These values are lower

than those measured for similar devices on fused silica substrates (Chapter 3). One possible

explanation for this difference is that the hydrogen silsesquioxane (HSQ) layer which adheres

the diamond membrane to its carrier chip is optically lossy. Because the 1D cavity mode is

concentrated partly within this underlying layer (see Figure 4.1d), optical loss in the HSQ

would certainly be detrimental to device performance. To investigate this possibility, we

fabricated cavities directly on an HSQ layer after it was processed in the same manner as

in the diamond membrane experiments. A 600-700 nm layer of FOX16 HSQ (Dow Corning)

was spin-coated on a silicon chip which was then annealed in an Ar gas tube furnace for

8 hours at 420 C to nominally convert the HSQ to ≈ 500 nm fused silica. Ideally, this

annealing process removes Si-H bonds, collapses pores, and reduces stress in the HSQ layer

to produce a low-index, low-loss substrate.124 The device fabrication process then proceeded

as described in Chapter 3.

After the annealing process described above, the HSQ layer appears pitted under mi-

croscope imaging, as shown in Figure 4.2a, which suggests scattering loss may be present.

Nevertheless, transmission spectroscopy (Figure 4.2b,c) reveals that devices on HSQ exhibit

higher quality factors than those on diamond membrane-HSQ heterostructures and similar

performance to those on fused silica, at least within spectrometer resolution. There may

still be avoidable optical loss in the HSQ layer, and previous work optimizing HSQ as a sub-

strate for nanophotonics indicates that higher temperature annealing may result in less-lossy

films.124 However, we must consider potential damage to diamond membrane samples from

these more extreme annealing conditions. An alternative route to reducing loss in the HSQ

layer under these membranes may be to use high-dose electron beam exposure.125

Other possible loss mechanisms in our diamond membrane-HSQ devices are absorption

loss within the diamond membrane itself and absorption loss at the TiO2-diamond interface.

Despite high- quality overgrowth, the diamond membranes used in this work likely contain
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Figure 4.2 – 1D cavities on HSQ. (a) Microscope image of 1D photonic crystal cavities
fabricated directly on a 500 nm-thick layer of annealed HSQ. (b,c) Transmission spectra
for 25-fin devices with 200 nm fin pitch indicated with arrows in (a). Spectrometer-limited
linewidths indicate quality factors greater than 7,000 and 10,500.
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more optically active crystal defects than bulk diamond. Meanwhile, the adhesion of the

TiO2 photonic structures to the diamond membranes is fairly weak. Although this feature

is an advantage when it comes to iterating the device fabrication procedure, it may also

indicate a layer of optically lossy unsatisfied bonds.

While examining the additional loss mechanisms for devices fabricated on diamond will

likely improve their performance further, the experimentally measured quality factors are

already sufficient for high-efficiency spin-photon interfacing with diamond color centers. To

determine the maximum Purcell factor achievable with our 1D photonic crystal cavities, we

used Lumerical FDTD software to simulate their mode volumes. The equation used for mode

volume is:

Vmode =

´
V ε(r)|E(r)|2d3r

max(ε(r)|E(r)|2)
(4.1)

where ε(r) is the dielectric index at spatial position r and E(r) is the electric field at this

position. The calculated mode volume for a cavity simulated to operate at the silicon-vacancy

center’s zero phonon line (737 nm) on a 50 nm diamond membrane was:

Vmode = 6.179× 10−20m3 ≈ 2.0
(λ
n

)3
(4.2)

Here we have used 2.35 as the index of refraction of the TiO2 resonator. Taking the exper-

imentally measured quality factor value of 4,400, we can determine the maximum Purcell

enhancement at the peak of the cavity mode intensity profile using:

FP =
3

4π2

(λ
n

)3 Q

Vmode
=

3

4π2

(737× 10−9m

2.35

)3 4, 400

6.179× 10−20m3
(4.3)

This equation assumes that the cavity is on resonance with an SiV and that the SiV is

aligned with the electric field vector at the cavity mode maximum. It gives a value of 175.

Within the underlying diamond membrane, the electric field intensity is roughly 2/3 of the
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peak electric field intensity in the cavity cross-section, leading to a maximum Purcell factor

of ≈ 115 for color centers residing within the membrane, as shown in Figure 4.1.

By comparing our quality factor and mode volume values to literature values elsewhere,

we can estimate the cooperativity we expect to see when our TiO2 cavities are coupled to

diamond color centers. In the work presented in Ref. [126], a cooperativity C = 1.4 was

achieved with a 1D cavity exhibiting Q ≈ 8, 300 and Vmode ≈ 1.8(λ/n)3, values similar to

our system. Meanwhile in Ref. [127], C > 100 was demonstrated with cavities that exhibit

Q ≈ 20, 000 and Vmode ≈ 0.5(λ/n)3. Since cooperativity is proportional to Q
Vmode

, we may

expect C ≈ 6-7 if we can achieve the same degree of color center placement precision as in

that work. We conclude that we can reasonably expect cooperativity values in the range

1-10 for these integrated TiO2/diamond membrane heterostructures, which is sufficient for

quantum optical networking applications.

Finally, we note that this fabrication process can be iterated multiple times on one mem-

brane and can generate a large number of resonators in arbitrary orientations. After TiO2

resonators are fabricated, they can be mechanically removed via ultrasonication without re-

moving or damaging the underlying membrane. Therefore, if alignment to a particular color

center is not ideal, or if a fabrication step fails, additional attempts can be made. The data

displayed in Figure 4.1c were acquired from the third round of cavity fabrication on a single

membrane sample. Each of these three rounds yielded devices with typical quality factors

Q ≈ 4, 000. Meanwhile, atomic force microscopy scans do not show significant difference to

the surface roughness of the diamond between fabrication rounds. This flexibility is a distinct

advantage compared to diamond etching methods, which require re-polishing and potentially

re-implanting the diamond to generate new color centers for each iteration. Moreover, as

pictured in Figure 4.1e, many devices can be fabricated at once and in arbitrary positions

and orientations relative to one another, which is beneficial for on-chip device multiplexing.
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Figure 4.3 – Additional spectra of cavities on diamond. (a) Broadband transmission spectrum
for a 25-fin TiO2 cavity on a 50 nm diamond membrane. (b) Higher-resolution transmission
spectrum for device measured in (a), displaying quality factor Q = 4,200. (c,d) Transmission
spectra for two additional devices with the same geometry as in (a,b), displaying Q = 3,940
and Q = 4,300.
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4.1.3 Conclusion

Integration of TiO2 nanophotonic devices with diamond membranes offers a robust and non-

invasive approach to optically addressing color centers that is more scalable and deterministic

than conventional etched nanophotonics. Our ALD-based fabrication platform offers the dual

benefits of minimized surface roughness and highly reproducible resonator spectra. Looking

forward, we aim to use this platform to build quantum networks by aligning cavities to

individual color centers within membranes and gas tuning their resonances to the defects’

zero phonon line.128 With high quality factors and low mode volumes, we anticipate that

efficient spin-photon interfacing will be achieved. Finally, we note that this platform is

flexible to both wavelength and substrate, allowing for integration with defects in silicon

carbide,129–131 rare earth ions,13 or other material systems beyond diamond.

4.2 Integration with monolayer TMDs†

4.2.1 Introduction

In tightly confined, propagating optical fields, Gauss’ law requires that a rapidly varying

electric field in the transverse direction must be accompanied by an electric field in the

longitudinal direction that is 90° out of phase with the transverse field.132,133 The trans-

verse and longitudinal fields combine to create regions of elliptical polarization, in which the

transverse optical spin angular momentum is locked to the direction of the wavevector of

the optical mode. In these chiral fields, the optical spin angular momentum is perpendicular

to the propagation direction, in contrast to conventional circularly polarized free space op-

tical fields. This phenomenon, referred to as optical spin-orbit coupling (OSOC), has been

observed in a variety of experimental platforms, including optical fibers,134–136 whispering

gallery mode resonators,136,137 photonic crystal waveguides,138,139 plasmonic waveguides,83

†. The work in this section was reported in Ref. [72]
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and hyperbolic metamaterials140 and metasurfaces.120

Photonic structures exhibiting OSOC can be coupled with circularly dichroic materials

– i.e., materials that interact selectively with circularly polarized light – to generate chiral

light-matter interfaces. Such interfaces create light-matter interactions that depend on the

propagation direction of light and provide a foundation for new photonic and plasmonic tech-

nologies, such as on-chip beam splitting for circularly polarized input light141 and optically

driven optical isolation.142 Beyond classical systems, OSOC enables directional quantum

nonlinear interactions between quantum states of photons and matter and has stimulated

the development of chiral quantum optics.135,139,143 More broadly, chiral interfaces have

found application in the sensitive optical detection of chiral molecules with aims towards

enhanced biosensing.144–147

An emerging platform for these chiral optical interfaces are atomically thin transition

metal dichalcogenides (TMDs). As discussed in Chapter 1, TMD monolayers are direct

bandgap semiconductors with optical resonances in the visible and near-infrared range dom-

inated by excitonic states.148,149 Due to broken inversion symmetry in the monolayer crystal

lattice, two inequivalent sets of bandgap minima exist at the momentum space K points (i.e.,

K and K’ valleys), which couple to light of opposite circular polarization.64,65,150,151 Pre-

liminary demonstrations with plasmonic, nanowire, and photonic crystal systems83,152–156

have shown the feasibility of coupling light to TMD valley excitonic states through OSOC.

However, the scalable, deterministic incorporation of such architectures in existing integrated

photonic platforms is challenging to achieve. Moreover, the chiral TMD interfaces demon-

strated so far are passive. A scalable nanophotonic-TMD interface equipped with active

electrical tunability could enable new applications in optoelectronic and integrated photonic

technologies. Valley polarization, which characterizes the circular dichroism of TMDs, can

be modified by electrostatic doping,157 providing an avenue for active control. Additionally,

in monolayer TMDs the exciton valley index determines the spin configurations of the under-
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lying charge carriers in charged excitonic states.64 Therefore, a photonic-TMD interface also

opens the opportunity to control semiconductor spins158 with integrated photonics, enabling

nanoscale optical manipulation of solid-state memories.159,160

4.2.2 Directional optical spin-orbit coupling

Here, we demonstrate an interface which exploits these unique material properties to realize

electrically tunable chirality. The interface is based on the nanophotonics fabrication plat-

form described in Chapter 3 and can be applied to a range of devices, facilitating broader

application of chiral interfaces in nanophotonic circuitry. Our device consists of a TiO2

nanophotonic waveguide fabricated on a hexagonal boron nitride (hBN)-encapsulated WSe2

monolayer (Figure 4.4a). Encapsulation with hBN significantly reduces inhomogeneity in

TMDs57,62 and serves as a dielectric for electrostatic tuning.161 Electrical control is achieved

with few-layer graphene back-gate and contact flakes. We fabricate TiO2 waveguides on top

of these heterostructures using templated atomic layer deposition.89 We again emphasize

that this fabrication method produces low-loss nanophotonic structures (Figure 4.4b) with-

out damaging the underlying substrate, making it ideal for interfacing with two-dimensional

materials. Following waveguide fabrication, the WSe2 monolayer exhibits narrow linewidth

excitonic emission (Figure 4.4c), confirming that our photonic integration process generates

minimal inhomogeneities in the van der Waals heterostructure and is suitable for photonic

integration with TMDs.

Figure 4.4d illustrates the directional coupling that emerges between the waveguide modes

and the TMD material. The electric field distribution of the propagating TE mode is tightly

confined (waveguide width < λ/2), manifesting in-plane, circularly polarized evanescent

fields (Figure 4.4d, right inset). The sign of the polarization, σ+ or σ−, inverts across the

waveguide and with propagation direction. Depending on location, excitons in the K and K’

valleys (Figure 4.4d, left inset) will selectively couple to left- or rightward propagating modes

63



Figure 4.4 – (a) Optical and (b) scanning electron microscope images of the TMD-waveguide
interface. (c) PL of encapsulated WSe2 at 4K shows prominent exciton, trion and charged
biexciton peaks. (d) Schematic depicting chiral-directional coupling. Left inset: Valley-
dependent optical selection rules of monolayer TMDs. Right inset: Polarization of electric
field intensity distribution of waveguide mode propagating out of the page. (e) Spatial
mapping of PL intensity measured through the left port under linear far-field excitation. (f)
Spatial mapping of CDCE through the left port under circular far-field excitations. (g) Line
cuts of CDCE across the waveguide along the arrow direction in (e) and (f) for left (open
circles) and right (solid circles) ports. Lines show total intensity (i.e., Iσ+

GP + Iσ−GP ) measured
for each port.
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of the waveguide, thus establishing chiral-directional coupling at the waveguide-monolayer

interface.

To characterize the interface, we first generated excitons and observed their radiative

emission into the guided optical modes of the waveguide. The monolayer is excited from the

far-field by a 660 nm laser with a spot size ≈ 495 nm. Excitonic photoluminescence (PL)

couples to the waveguide and is detected by collecting the light scattered from gratings at the

waveguide ends. Figure 4.4e displays the measured PL intensity from the left port when a

linearly polarized excitation is scanned around the waveguide. To study the chiral-directional

coupling, we switch the polarization of the excitation laser from linear to circular, σ+ and σ−,

creating valley-polarized excitonic states that preferably emit with the same polarization as

the excitation (Figure 4.4d). We characterize the interface by the chiral-directional coupling

efficiency:

CDCE(x, y) =
IGP (x, y)σ

+ − IGP (x, y)σ
−

IGP (x, y)σ
+

+ IGP (x, y)σ
− (4.4)

where IGP (x, y)σ
+(σ−) is the PL intensity measured from a specific grating port under

σ+(σ−) excitation at position (x, y). Figure 4.4f shows the spatial mapping of the CDCE

for left port collection. As anticipated,83,155 we observe that the sign of the CDCE inverts

as the excitation spot crosses the waveguide, approaching a magnitude of 20%, and that

the sign of the CDCE flips between the two outcoupling ports (Figure 4.4g). We also note

that under linearly polarized excitation, the chiral-directional coupling vanishes as expected.

For both ports, the CDCE goes to zero near the center of the waveguide, where the mode

polarization is linear (Figure 4.4d, right inset). Far from the waveguide center, the CDCE

also falls to zero as low-signal noise dominates. These experimental signatures directly verify

the predicted chiral interface between the TMD monolayer and photonic waveguide.

The integration of contacts and electrodes in our device architecture enables us to electri-

cally dope the TMD monolayer and, in turn, control the chirality of our integrated photonic

interface. To study this tunability, we apply a gate voltage to the TMD monolayer and

65



investigate the impact on the chiral–directional coupling. Figure 4.5a,b show the spatially

mapped CDCE measured for gate voltages of -5 V and 5 V, respectively. The CDCE notably

diminishes under negative applied bias. Comparing transverse line cuts across the waveguide

(Figure 4.5c), the CDCE spatial dependence at -5 V flattens to zero, whereas at +5 V it

displays the expected crossing at x = 0 µm . At a fixed displacement of ≈ 300 nm away from

the waveguide, we observe a sharp transition in CDCE from near 0% at -5 V to around 15%

at -2.5 V (Figure 4.5c, inset). This result directly demonstrates the active electrical control

over the chirality of the TMD–waveguide interface.

To investigate the electrical tuning in more detail, we perform spectrally resolved mea-

surements of the out-coupled photoluminescence. Figure 4.5d-g show gate-dependent PL

spectra collected from the right grating port for fixed-position off-waveguide σ+ and σ- ex-

citations. We attribute characteristic peaks to neutral and charged exciton and biexciton

states delineated in recent literature.157,162,163 Combining this spectroscopic information

with the electrostatic control afforded by our high-quality interface, we analyze the chiral-

directional coupling for each excitonic state. From the spectra in Figure 4.5d-g, we find

that the positive trion (X+) and neutral exciton (X0) states display balanced emission into

the waveguide independent of the excitation polarization. In contrast, the negative trion

(X− and X−−) and biexciton (XX0 and XX−) states exhibit directional emission. More

completely, Figure 4.5h-k(l-o) show the wavelength-resolved right (left) port CDCE versus

the position of the excitation beam. Minimal variation is observed for the X+ and X0 peaks,

whereas for the X−, X−−, XX0 and XX− peaks, the CDCE inverts across the waveguide and

reaches magnitudes near 20% on either side. These measurements indicate that the different

excitonic states in the monolayer exhibit varying degrees of chiral-directional coupling and

that the electrostatic control of this coupling correlates with switching between dominant

excitonic states.
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Figure 4.5 – Electrostatic tuning of waveguide-TMD interface. (a,b) Spatial mapping of
CDCE of emission collected through left port under applied gate biases of (a) -5 V and (b) 5
V. c, Line cuts of CDCE of emission collected through right port along the arrow direction in
a and b. Inset: Gate dependence of CDCE at x = +300 nm (blue vertical line in c). d-g, PL
out-coupled from right port under selected gate voltages with σ+ and σ− excitations fixed
at x = -300 nm. Excitonic states are labeled. h-k (l-o), Spectrally resolved spatial mapping
of right (left) port CDCE at selected voltages. Colored triangles indicate the corresponding
spectra line cuts in d through g.
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4.2.3 Spin-polarized exciton diffusion

In addition to enabling electrical control over chiral-directional coupling of the excitonic emis-

sion, the TMD-waveguide interface opens new possibilities to locally create and manipulate

excitons and spins. With improvements in sample quality and the observation of long-lived

excitons in heterostructures, exciton diffusion in 2D semiconductors has recently garnered in-

creasing interest, providing a context for fundamental explorations of planar spatial dynamics

in systems with many-particle interactions164,165 and enabling such optoelectronic technolo-

gies as room-temperature excitonic transistors166. Unlike in bare, few-layer samples,83 the

encapsulated TMD monolayers in our interface provide reduced-disorder environments for

studying exciton propagation167 and preserve spin-valley locking, allowing the simultaneous

transport of spin-polarized charge carriers. Compared with the far-field optical excitations

currently utilized to drive exciton diffusion, the waveguide modes of high-index nanopho-

tonic structures can act as compact, tailored, on-chip sources of exciton fluxes. Moreover,

the high degree of circular polarization of their evanescent fields enables the generation of

valley-polarized exciton fluxes,167,168 which can be directionally reconfigured (Figure 4.6a).

Therefore, a new modality for injecting spin currents in semiconductors with integrated

photonics – as opposed to with conventional ferroelectric contacts169,170 – can be realized,

promising advancements in optical computing and spintronics.171

With our device, we first show that the waveguide can locally generate diffusive excitons.

To probe this functionality, we couple the excitation laser into the right grating port and

collect photoluminescence emitted from the TMD monolayer into the far-field. Figure 4.6b

shows the spatial distribution of exciton PL spectrally selected over wavelength regions of

interest. The shaded area illustrates the simulated electric field intensity of the waveguide

mode. The quickly decaying evanescent tail implies a large density gradient of the exci-

tonic states generated by the mode, which induces their diffusive transport away from the

waveguide. Considering the measured resolution of our collection channel, we compute the
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Figure 4.6 – (a) Schematic of valley(spin)-polarized exciton flux generation. Outward arrows
(blue/red) indicate diffusion of oppositely valley-polarized excitons carrying spins for fixed
propagation direction of the waveguide excitation mode (yellow). (b) Normalized PL inten-
sity distributions versus distance from waveguide (center at x = 0 µm ) for different excitonic
states. Shaded area is the simulated electric field intensity profile of the guided mode in the
waveguide. Dashed line shows the simulated collection profile in the absence of diffusion
given experimental resolution. (c) DOCP map under 5 V gate bias, left port excitation, and
far-field collection. (d-g) DOCP of different excitonic states along the arrow direction in
(c) Open (solid) circles correspond to rightward (leftward) propagating waveguide excitation
in-coupled through the left (right) grating port.
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anticipated PL spatial distribution in the absence of exciton diffusion (dashed line in Fig-

ure 4.6b). We find that the profiles of the excitonic states extend beyond this boundary,

indicating their diffusion away from the waveguide. For the charged excitons, both nega-

tive and positive, we extract 1/e diffusion lengths LX± ≈ 0.45 µm based on the predicted

no-diffusion profile. The neutral exciton displays a diffusion length LX0 ≈ 0.25 µm . These

diffusion lengths of hundreds of nanometers are comparable to literature values.172 The ex-

cellent sample quality and comprehensive electrostatic control over our interface enable this

extraction of state-specific diffusion.

We next examine the valley(spin)-polarization of these near-field driven exciton fluxes. As

before, the evanescent fields on either side of the waveguide exhibit opposite nearly circular

polarizations and therefore populate excitonic states in opposite valleys (Figure 4.6a). To

measure this resulting valley polarization, we analyze the circular polarization of the far-

field PL. The valley polarization of the excitonic states is characterized by the PL degree of

circular polarization:

DOCP (x, y) =
IFF (x, y)σ

+ − IFF (x, y)σ
−

IFF (x, y)σ
+

+ IFF (x, y)σ
− (4.5)

where IFF (x, y)σ
+(σ−) is the σ+(σ−) component of the far-field PL intensity collected at

position (x, y). Figure 4.6c shows the DOCP measured under left port excitation and 5

V gate bias, confirming the generation of valley-polarized excitonic states. Figure 4.6d-g

display the position-dependent, spectrally resolved DOCP for the respective X+, X0, X−,

and X−− peaks. Like the CDCE (Figure 4.5d-g) results, negative trions exhibit a large

DOCP, whereas positive trions and neutral excitons show nearly zero DOCP. We also note

the presence of prominent dark trion peaks at ≈ 750 nm.173 Due to their linear out-of-plane

dipole moment,161 dark trions predominantly couple to the TM mode, showing biased DOCP

with a spatial profile independent of the excitation port. For negative trions, due to valley-

spin locking, the paired hole spin is fixed by the valley index. Thus, spin-polarized holes
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are injected with the valley-polarized X− and X−− states. With the diffusion measurements

described above, we conclude that our chiral photonic interface serves as a directionally

reconfigurable source for injecting hole spin currents in atomically thin semiconductors.

4.2.4 Conclusion

We have demonstrated a photonic waveguide interfaced with an hBN-encapsulated, electri-

cally gated WSe2 monolayer. The interface exhibits a CDCE that is electrically tunable from

0% to 20% and generates valley(spin)-polarized exciton fluxes via near-field excitation. Be-

yond linear waveguides, our versatile nanophotonic fabrication method can interface TMDs

with more complicated photonic structures where device geometry and size are limited only

by the constraints of advanced lithography,89 enabling photonic ring modulators and intefer-

ometers174 and exciton–polaritons in photonic crystals.156 Combined with recent advances in

large-area growth,175 exfoliation,74,75 and assembly176 of two-dimensional materials, which

will improve heterostructure yield and scalability beyond current limitations, this work estab-

lishes a universal platform for their deterministic, wafer-scale integration with nanophotonic

circuitry. Importantly, this interface’s tunable chirality, previously unavailable in other chi-

ral optical interfaces, relies on the doping-dependent valley dynamics of exciton states in the

TMD monolayer. Multilayer and twisted van der Waals heterostructures display engineered,

exotic valley properties168,177,178 that can also be combined with this waveguide interface

for additional chiral functionalities, such as gate-reversible emission routing,179 and offering

new photonic logic and control schemes based on two-dimensional materials. In addition,

nanophotonic driving of exciton diffusion in atomically thin semiconductors creates a bridge

between distributed photonic elements and local excitonic circuits.180–182 Moreover, near-

field optical pumping through chiral TMD–photonic interfaces can be used to generate the

spin polarization of resident charge carriers in monolayers.73,183,184 Such optically prepared

spin-polarized electronic states, which are sensitive to the carrier doping level, can break the
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time-reversal symmetry of the interface, enabling gate-activated all-optical non-reciprocity

in integrated nanophotonic architectures.185
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Chapter 5

Multi-resonant TiO2 Bullseye Antennas†

ABSTRACT

Integrated devices that generate multiple optical resonances in the same volume can en-

hance on-chip nonlinear frequency generation, nonlinear spectroscopy, and quantum sensing.

Here, we demonstrate circular Bragg antennas that exhibit multiple spatially overlapping,

polarization-selective optical resonances. Using templated atomic layer deposition of TiO2,

these devices can be fabricated on arbitrary substrates, making them compatible with a wide

range of nonlinear materials and sensing targets, and couple efficiently to underlying films.

In this work, we detail the design, simulation, and fabrication of all-dielectric multi-resonant

bullseye antennas and characterize their performance using polarized broadband reflection

spectroscopy.

5.1 Introduction

By confining and enhancing optical fields at pre-designed wavelengths, nanophotonic res-

onators enable coherent light-matter interactions,30,187 ultra-resolution quantum and bio-

sensing,10,188 integrated light sources,189,190 and more. Nonlinear light-matter interactions

underly on-chip nonlinear frequency conversion, critical for entangled photon sources and

optical information processing,191–195 and are enhanced by devices which spatially overlap

multiple optical resonances at different frequencies. Similarly, coherent anti-Stokes Raman

spectroscopy and other nonlinear spectroscopies can be made more efficient and extended to

smaller probe volumes by simultaneously confining the pump and signal frequencies.196,197

†. The work in this section was reported in Ref. [186]
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Meanwhile, in optical sensing applications, multi-resonant structures can increase optical

pumping efficiency while simultaneously increasing fluorescence emission rates.197,198

However, generating devices which overlap multiple optical resonances at arbitrary fre-

quencies is challenging, both in terms of design and fabrication. Many nanophotonic res-

onators rely on photonic band gap engineering, in which a resonance exists within forbidden

photonic states. Although multiple resonances can exist within one band gap, their fre-

quency separation is constrained by the width of the photonic band gap, and it is difficult

to independently control the field strength and quality factors of the resonant modes. Ring

resonators, meanwhile, do not rely on band gap engineering, support a series of standing

wave resonances, and are generally easier to fabricate than photonic crystals. These devices

are commonly used for on-chip nonlinear frequency generation and for sensing192,199–201

though their disadvantages include larger footprints and mode volumes than photonic crys-

tal cavities. For nonlinear applications, a key challenge is that the cross-sectional spatial

profiles of ring resonator modes vary with wavelength, and careful engineering of waveguide

cross sections is often required to enable substantial mode overlap.202

Alternatively, circular Bragg resonators (CBRs), also called bullseye antennas, offer

unique benefits for nanophotonic engineering. These structures efficiently couple to low-NA

far-field beams and exhibit smaller mode volumes and footprints than ring resonators.16,113,203–207

Additionally, CBRs offer a relatively broadband optical response and are therefore easier

to spectrally overlap with targeted dipole emission. CBRs were initially used for classi-

cal optoelectronic devices like optical switches and lasers.203–205 More recently, they have

been integrated with a variety of quantum and low-dimensional materials. CBRs have been

etched into diamond membranes to increase collection efficiency of nitrogen-vacancy center

emission,113 used to efficiently extract entangled photon pairs from quantum dots,206 and

integrated with two-dimensional semiconductors to enhance photoluminescence and second

harmonic generation.16,207
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Breaking azimuthal symmetry allows multiple resonances in CBRs while maintaining

their unique advantages. This symmetry breaking enables both wavelength and polarization

multiplexing, as segments with different grating periods behave like polarization-selective

antennas. This concept was demonstrated in plasmonic CBRs fabricated by focused ion

beam milling of epitaxially grown single-crystal silver.208 However, plasmonic devices suffer

from large nonradiative losses compared to dielectric structures. Moreover, silver epitaxy

and ion milling offer limited integration capability with many nonlinear materials.

In this work, we use templated atomic layer deposition (ALD) to build all-dielectric TiO2

bullseye antennas which exhibit multiple polarization-sensitive, spatially overlapping reso-

nances. We previously demonstrated that this fabrication approach can efficiently couple

nanophotonic devices with underlying materials and can be integrated with arbitrary sub-

strates.89 Specifically, templated ALD maintains the optical performance of underlying 2D

materials72 and is uniquely suited for integration with quantum emitters in membranes.53,89

Here, we detail the design, fabrication, and spectroscopic characterization of multi-resonant

TiO2 bullseye antennas and demonstrate their potential to interface with underlying optical

materials.

5.2 Device design and simulation

5.2.1 Device geometry and operating principle

Circular Bragg resonators (CBRs) typically feature a central disk concentric with period-

ically spaced rings. The rings are spaced according to the second order Bragg condition

and serve the dual function of reflective feedback to the central cavity and deflection out-

of-plane, thereby coupling the cavity mode to low-NA propagating beams. With quality

factors on the order of 102, these devices offer a relatively broadband response (several nm),

combined with a small footprint (< 5 µm ) and mode volume (≈ (λ/n)3). Variations on

75



this basic geometry that have previously been explored include chirped cavities for high-Q

applications,209 elliptical cavities for geometric birefringence,206 and Doppler gratings for

wavelength multiplexing.196

For the azimuthally segmented, multi-resonant devices we designed, the operating mech-

anism is the same as that of basic CBRs, except each segment has its own central disc radius

and grating pitch. The structure is symmetric about its center, with each grating pitch

repeated on the opposite side of the device. As illustrated in Figure 5.1a, these devices can

be defined by six parameters: a1 and a2 are the two grating periods, R1 and R2 are the

corresponding central disc radii, and θ1 and θ2 define the angular spread of each segment,

with θ1 + θ2 = 180◦.

To demonstrate the potential of multi-resonant bullseye antennas to interface with un-

derlying materials, we used finite difference time domain (FDTD) simulations (Lumerical)

to model devices on 50 nm TiO2 films on fused silica (n = 1.4) substrates, as depicted in

Figure 5.1b. Because the index of refraction of TiO2 is close to that of lithium niobate (n ≈

2.3), diamond (n ≈ 2.4), silicon carbide (n ≈ 2.6), and hexagonal boron nitride (n ≈ 2.2), this

substrate choice is a suitable stand-in for materials relevant to a range of practical applica-

tions in nonlinear and quantum optics. We note that the resonator modes are concentrated

within the bullseye antenna and in the film directly underneath, as shown in Figure 5.1c,d,

in contrast to zone plates or metalenses which are often used to focus an incident beam to

a point away from the structure itself.210

We identified device parameters that concentrated multiple resonances within the un-

derlying film by linearly varying the two grating periods and disc radii and monitoring the

electric field intensity underneath the resonator. In all simulations, the height of the devices

was fixed at 300 nm, and the index of refraction of TiO2 was input from ellipsometry data.

Additionally, the duty cycle of each grating was set such that the width of each grating

element was equal to the grating period divided by 2.1. Once resonance conditions were
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Figure 5.1 – Multi-resonant device design (a) The geometrical parameters that define the
device are the radius of the central disc segment for each resonance (R1, R2), the corre-
sponding pitch values (a1, a2), and the angles subtended by each segment (θ1, θ2, where
θ1 + θ2 = 180◦). (b) Side view of the simulated device and substrate. (c, d) Simulated elec-
tric field intensity in the x-z and y-z planes for a device with resonances at 800 nm (c) and
602 nm (d) on 50 nm TiO2 film. (e, f) Simulated electric field intensity in the x-y plane at
the center of the underlying film (z = -25 nm) for each of the two resonances, demonstrating
substantial mode overlap. All field intensity plots are normalized.
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identified, we found that each resonant wavelength varies linearly with small changes to ei-

ther the central disc radius or the grating period. However, a large variation in one of these

parameters generally leads to a loss of the resonance condition without a compensating ad-

justment in the other. We therefore identified a series of pairs of parameters that yielded

strong resonances to explore further. This design process, which relies on individual variable

sweeps, can likely be further optimized using field-based or inverse design methods.73,211

In Figure 5.1e,f, we plot the in-plane electric field intensity profiles underneath (z = -25

nm) a device with parameters (a1, R1, a2, R2) = (179, 212, 233, 248) nm, which generates

resonances at both 800 and 602 nm. These results demonstrate substantial mode overlap at

the center of the underlying film, even for wavelengths separated by nearly 200 nm.

5.2.2 Simulated incident beam enhancement

To investigate the polarization selectivity of the multi-resonant TiO2 bullseye antennas, we

simulated a focused, linearly polarized Gaussian beam normally incident on the center of

the device and varied its polarization angle. Figure 5.2a and Figure 5.2b illustrate that

perpendicularly polarized beams couple selectively to one resonance or the other. Imagining

a line that passes through the center of a particular grating segment, a beam polarized

perpendicular to that line will couple most effectively to the resonance defined by that

segment. In the illustration, the orange (blue) beam preferentially couples to the shorter

(longer) pitch grating.

We recorded the simulated electric field intensity at the center of the TiO2 film underneath

the bullseye resonator (z = -25 nm) as the beam source polarization was varied. Figure 5.2c-e

plot in polar coordinates the intensity enhancement at the two resonant wavelengths of a

given device as a function of beam polarization angle. All three of the dual resonance devices

demonstrated here display clear polarization selectivity, regardless of the spectral separation

of the two primary resonances. These devices demonstrate that the multi-resonant bullseyes
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Figure 5.2 – Incident beam intensity enhancement.(a, b) Incident beams polarized in the
x-direction (a) and in the y-direction (b) preferentially couple to different resonances in
the azimuthally segmented bullseyes. (c-e) Simulated electric field intensity in the film
underneath the devices (z = -25 nm) as a function of incident beam polarization for different
combinations of resonances. In these three plots, θ1 = θ2 = 90◦. (f) Peak electric field
intensity in the underlying film for the same device as in (d) as a function of θ1 and θ2.
(g, h) Electric field intensity (z = -25 nm) versus beam polarization for θ1 = 120◦ (g) and
θ1 = 60◦ (h). In these two plots, the other device parameters are the same as in (d) and (f).
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can be designed for two wavelengths that are relatively close together (Figure 5.2c), several

hundred nm apart (Figure 5.2d) or even for fundamental and second harmonic wavelengths

(Figure 5.2e).

Varying the angle subtended by each segment of the device offers a method of tuning the

relative intensity of the two resonances. Figure 5.2f demonstrates that as θ1 (θ2) is increased

(decreased) the shorter wavelength resonance becomes more (less) intense and vice versa.

Importantly, even when θ1 and θ2 are not 90◦, the device retains its selectivity to orthogonal

polarizations, as shown in Figure 5.2g and Figure 5.2h.

5.2.3 Simulated dipole emission enhancement and out-coupling profile

Next, using a point dipole source located in the center of the underlying film (z = -25 nm),

we simulated the Purcell enhancement and far field emission profiles generated by the multi-

resonant Bragg antennas. Like the case of an incident polarized beam, underlying dipoles

with orthogonal, in-plane dipole moments (x or y) couple selectively to different resonances

in the device, as illustrated in Figure 5.3a,b. Purcell factors were extracted directly from

simulations using the built-in Lumerical FDTD analysis, which calculates these values based

on the local density of optical states at the dipole position.

For each simulated device, we recorded the Purcell factor for dipole emission at the two

resonant wavelengths as a function of the dipole orientation angle. Figure 5.3c-e plot these

results in polar coordinates for the same devices that were investigated in Figure 5.2c-e,

each with θ1 = θ2 = 90◦. As expected, the Purcell factor for underlying dipoles displays a

similar polarization selectivity as the intensity of incident beams displayed in the prior set of

simulations. Likewise, varying the angle subtended by each resonance modulates the degree

of dipole emission enhancement at the two resonant wavelengths. As θ1 (θ2) is increased

(decreased) the shorter wavelength dipole is more (less) enhanced and vice versa. Here,

the Purcell enhancement achieved by single resonance devices (θ1 or θ2 = 90◦) is in the
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Figure 5.3 – Dipole Purcell enhancement. (a, b) Dipoles with moments in the x-direction
(a) and in the y-direction (b) preferentially couple to different resonances in the azimuthally
segmented bullseyes. (c-e) Simulated Purcell factor for a dipole in the center underneath
the devices (z = -25 nm) as a function of dipole orientation for different combinations of
resonances. In these three plots, θ1 = θ2 = 90◦. (f) Peak Purcell factor for underlying
dipoles for the same device as in (d) as a function of θ1 and θ2. (g, h) Purcell factor (z =
-25 nm) versus dipole orientation for θ1 = 120◦ (g) and θ1 = 60◦ (h). In these two plots, the
other device parameters are the same as in (d).
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range 10-20, which is similar to previous work investigating dipole emission enhancement by

CBRs,113 despite the fact that these dipoles are underneath rather than inside of the device

itself. Finally, we again see that when θ1 and θ2 are not 90◦, the device retains its selectivity

to orthogonal polarizations, as shown in Figure 5.3g and Figure 5.3h.

To test if the azimuthally segmented devices efficiently couple dipole emission into low-NA

far field modes like single resonance CBRs, we investigated the spatial distribution of emission

from underlying dipoles. For these simulations, we analyzed a device with resonances at 799

and 598 nm and considered emission profiles of dipoles oriented in the x- and y-directions that

were on resonance with these two wavelengths. The dipoles were again placed in the center

of the TiO2 film under the antenna (z = -25 nm) and the device angles were θ1 = θ2 = 90◦.

The cross-sectional electric field intensity profiles, plotted in Figure 5.4a,b with a log10

scale, demonstrate that dipole emission is significantly vertical, in both the upward (+z)

and downward (-z) directions. This vertical characteristic is evident for both x-oriented and

y-oriented dipoles at the appropriate resonance wavelength. Because the simulated substrate

has a higher index of refraction (n = 1.4) than the surrounding medium (n = 1.0), more

radiation is emitted downwards than upwards. Nevertheless, 41% of emission from an x-

oriented dipole at 799 nm and 27% from a y-oriented dipole at 598 nm is directed upward

[33].

Figure 5.4c and Figure 5.4d display the far field projections of upward dipole emission.

While the emission profiles are not Gaussian, the emission of an x-oriented (y-oriented)

dipole at the shorter (longer) wavelength resonance is primarily concentrated with NA =

0.75. In applications where collection efficiency is paramount, such as in quantum sensing,

objectives with numerical apertures in air of up to 0.9 are commonly used and can therefore

collect nearly the full upward emission from dipoles coupled to these multi-resonant devices.

Combined with Purcell enhancement, we can expect multi-resonant bullseye antennas to

significantly increase experimental collection efficiency.
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Figure 5.4 – Dipole emission profiles. (a, b) Cross sections of dipole emission profiles at
the two device resonances, plotted with a log10 scale. In (a) the dipole orientation is in the
x-direction and in (b) the dipole orientation is in the y-direction. (c, d) Far field electric
field intensity projections of upward dipole emission. (c) Far field projection for a dipole
orientated in the x-direction, on resonance at the longer resonance wavelength (λ = 799 nm).
(d) Corresponding projection for a dipole oriented in the y-direction, on resonance at the
shorter resonance wavelength (λ = 598 nm).
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5.3 Nanofabrication with templated atomic layer deposition

The procedure used to fabricate the circular Bragg resonators is detailed in [28]. Briefly,

electron beam lithography is used to define a device template into polymethyl methacrylate

(PMMA), which is then filled by conformal deposition of high-index (n ≈ 2.4), low-loss TiO2

via ALD. After excess TiO2 is removed by dry etching, the PMMA template is stripped with

a wet etch (Nanostrip) and the final devices are annealed on a hot plate at 250 C for two

hours.

Figure 5.5 – Scanning electron microscopy (SEM) of dual resonance devices. (a,c) Device
with parameters (a1, R1) = (210, 226) nm, (a2, R2) = (235, 250) nm and θ1 = θ2 = 90◦.
(b, d) Device with parameters (a1, R1) = (179, 212) nm, (a2, R2) = (235, 250) nm and
θ1 = θ2 = 90◦.

As discussed in previous work,89 this process yields high-performance nanophotonic de-

vices with minimal surface roughness on arbitrary substrates. It offers uniquely high in-

tegration capability because the substrate underlying the resonators is never exposed to

84



plasma etching, and the ALD step can be performed on virtually any substrate, including

two-dimensional materials which lack out-of-plane bonds [29]. To match our simulations

and to demonstrate the devices’ performance when interfaced with thin films, we fabricated

devices on 50 nm TiO2 films which were grown on fused silica using the same ALD process

as the resonators themselves.

The scanning electron microscope (SEM) images in Figure 5.5 show the fabricated dual

resonance devices. Different combinations of grating period and disc radius can yield qualita-

tively different geometries, which can be seen by comparing Figure 5.5c Figure 5.5d. Because

our fabrication approach is ambivalent to the device geometry, and because the critical di-

mensions of these devices are well above the electron beam writing resolution, we do not

detect any degradation of fabrication outcomes as the structure geometry varies.

5.4 Polarized reflection spectroscopy

5.4.1 Experimental apparatus

We used a home-built confocal microscopy apparatus to probe the resonances of the multi-

resonant devices with reflection spectroscopy. A supercontiunuum source (YSL Photonics)

was focused onto the sample by an objective lens and aligned to each device using voltage-

controlled galvanometer mirrors. Reflected light was collected into a spectrometer and CCD

detector (300 g/mm, Princeton Instruments). A linear polarizer plus half-wave plate were

used to rotate the polarization of the excitation laser. In our experiments, we measured

devices which exhibit resonances in the 700-900 nm range, as this wavelength range overlaps

high intensity output from the supercontinuum source and high quantum efficiency of the

CCD detector used in the experiments. Because TiO2 has a relatively large bandgap (≈ 3.3

eV) and high index through the visible and IR (n > 2.3 at 1550 nm),89 these devices can

also be extended to further wavelength ranges.
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5.4.2 Dual resonance device spectroscopy

Figure 5.6 – Polarized reflection spectroscopy of dual resonant devices. (a-c) Reflected spec-
tra versus beam polarization for devices with varying combinations of resonances. The data
are not background subtracted, and the sharp feature near 830 nm is due to the supercon-
tinuum source spectrum. For each device measured, θ1 = θ2 = 90◦.

The bullseye antenna resonances appear as asymmetric Fano lineshapes in reflection spec-

troscopy due to the interference of the resonator mode(s) with reflection from the underlying

thin film and substrate. As shown in Figure 5.6, for dual resonance devices, we detect mul-

tiple resonances on top of the supercontinuum source background that vary in intensity as

the excitation polarization is rotated. We note that the sharp feature near 830 nm that

appears in all spectra is an artifact from the supercontinuum generation and is unrelated

to the antenna devices. The three plots in Figure 5.6 correspond to three different devices

with varying grating periods and disc radii, which yield different combinations of resonance

wavelengths. As the beam polarization is varied in 15◦ increments from 0 to 90◦, one reso-
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nance in each device becomes less intense while the other grows more intense. Comparing

the spectra when the excitation beam is polarized at 0◦ and 90◦, the polarization selectivity

of each resonance is clear, and the features of these spectra agree with predictions from sim-

ulations. By fitting the resonance features to Fano lineshapes, we extracted quality factors

in the range 85-205, which are also in accordance with our simulated devices.

5.4.3 Triple resonance devices

Figure 5.7 – Triple resonance devices. (a) Simulated beam intensity at z = -25 nm as a
function of polarization for a device with three resonances and θ1 = θ2 = θ3 = 60◦. (b,
c) SEM images of a fabricated triple resonance device. (d) Reflection spectroscopy versus
beam polarization for a triple resonance device with θ1 = θ2 = θ3 = 60◦.

Because circular Bragg resonators are rotationally symmetric, we can extend the features

of dual resonance devices to devices with a larger number of resonances. To demonstrate this

principle, we simulated, fabricated, and measured the reflection response of triple resonance
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devices. To generate a third polarization-selective resonance, we simply segment the bullseye

into three, introducing a third set of grating period, central disc radius, and subtended angle

parameters (a3, R3, θ3).

Figure 5.7a shows the simulated electric field intensity underneath a three-resonance de-

vice as a function of incident beam polarization. In principle, the three resonances should

be maximized at 0◦, 60◦, and 120◦, respectively. However, crosstalk between the resonances

skews these values slightly, which can be seen in the polar plot. The SEM images in Fig-

ure 5.7b,c indicate that our ALD-based fabrication method can readily produce devices with

three or more resonances, as we do not see any defects in the TiO2 structure. Finally, re-

flection spectroscopy of triple resonance devices demonstrates that we can generate three

polarization-selective resonances in one structure. For the device measured in Figure 5.7d,

the three resonances vary in intensity as the excitation beam polarization is rotated fully from

0◦ to 180◦. The resonances are nominally maximized at 0◦, 60◦, and 120◦, as anticipated.

5.5 Conclusions

We have shown all-dielectric, multi-resonant CBR devices that combine wavelength and

polarization multiplexing with the ability to efficiently direct underlying dipole emission

into collection optics. The nanofabrication approach used to generate these devices offers

high integration capability, making them compatible with a range of quantum and low-

dimensional materials for applications in sensing and nonlinear frequency generation.212–214

In other applications, multi-resonant CBRs may find use as ultracompact polarimeters215 or

polarization-tunable transmissive color filters.216
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Chapter 6

Engineering Exciton Lifetimes with Off-Resonant

Planar Cavities

ABSTRACT

Two-dimensional transition metal dichalcogenides have recently attracted interest as a ba-

sis to explore many-body physics such as Bose-Einstein condensation and other quantum

coherence phenomena. However, these exotic states generally require thermal equilibrium,

which is difficult to produce given the extremely short optical lifetimes of exciton and trion

states in 2D TMDs. Increasing the excited state lifetime of these species by suppressing

their emission rates can potentially unlock new avenues of research into their many-body in-

teractions. In this chapter, we explore a method of increasing the optical lifetimes of direct

excitons and trions in monolayer TMDs by embedding them in off-resonant planar cavities.

We present simulated emission cutoff results, sample fabrication procedures, and intial data

demonstrating extended emitter lifetimes. We then discuss potential avenues to improve

these results through novel sample fabrication processes.

6.1 Introduction

In addition to their application in optoelectronic devices, two-dimensional transition metal

dichalcogenides (2D TMDs) have attracted growing interest as a platform to study many-

body physics and quantum phases of matter.73,206,217–223 Excitons in these materials serve

as bosonic quasi-particles which can participate in many-body interactions at high densities.

Due to their large binding energies, Bose Einstein condensation (BEC) of excitons in 2D

TMDs is predicted at higher temperatures than in quasi-2D quantum wells.206 However,

excitonic condensation is hindered by the short lifetime of optical excitations in monolayer
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TMDs,224 which prevents the development of thermodynamic equilibrium for condensates.

Increasing exciton lifetimes by suppressing radiative recombination is therefore necessary

to observe coherence phenomena in these materials. Longer exciton lifetimes would also

lead to longer diffusion lengths, which can enable devices based on long-range exciton trans-

port.225,226 This possibility is especially interesting for 2D TMDs, which exhibit spin-valley

locking and can therefore support spin-polarized exciton fluxes.55,72 Moreover, extending

exciton lifetimes beyond electronic timescales (≈ ns) could allow dynamic electronic control

within the excited state lifetime for applications in photon storage.

Interlayer excitons, in which the electron and hole reside in two different TMD monolayers

stacked on top of one another, have demonstrated the longest lifetimes in these materials to

date.69,206,217,221,223 These heterostructure systems support excitons with up to microsec-

ond lifetimes and are a promising platform for explorations of Bose-Einstein condensation,

superfluidity, and other many-body effects.206,217,221 However, generating interlayer cou-

pling between two distinct monolayers requires precise control of interlayer separation and

twist angle, which impact the electron-hole wavefunction overlap.69 Moiré potentials, formed

from the heterostructure superlattice, can further complicate exciton dynamics by imposing

additional optical selection rules and can impede long-range transport in exitonic devices.227

In this work, we aimed to generate long-lived, direct excitons in a single monolayer of

MoSe2 by embedding it in an off-resonant optical cavity. For optical excitations with in-plane

dipole moments, the planar cavity suppresses emission at wavelengths longer than a cut-off

determined by the cavity size,228 as discussed in Chapter 1. We investigated the impact of

the off-resonant cavity environment on exciton dynamics by probing the photoluminescence

linewidth, reflectivity linewidth, and photoluminescence lifetime of excitons and trions in

MoSe2.
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6.2 Simulations of emission suppression

To determine the geometric parameters of a planar cavity capable of supppressing exciton

emission, we used finite difference time domain software (Lumerical FDTD) to simulate

a range of metal-insulator-metal heterostructures. In all simulations, we considered the

behavior of an in-plane dipole emitter at the center of the layered structure (z = 0 nm).

Immediately surrounding this dipole source we input a layer of material with refractive

index n = 2.12, chosen to approximate the encapsulating hexagonal boron nitride (hBN)

around the 2D TMD. Above and below this central heterostructure we added dielectric

layers, the refractive indices of which were varied to approximate different oxide or polymer

materials. Underneath, we simulated a single crystal silver substrate using ellipsometry data

from previous work.120 Finally, the top layer of the structure was formed by a thin (< 50

nm) polycrystalline silver layer, which was input using pre-loaded optical parameters from

the Johnson and Christy reference dataset.

Because excitons in 2D TMDs are fundamentally delocalized excitations with center-of-

mass momentum, it is not obvious that their optical emission should be well approximated

by a point dipole source. To verify the accuracy of our FDTD simulations, we considered the

impact of these uniquely excitonic features on spontaneous emission near metal interfaces

and cavities, as detailed in Ref. [229]. In these calculations, the exciton was modelled as a

planar dipole source, a current density distributed across a 2D plane. While there are some

regimes, particularly at extremely low temperatures, where exciton emission behavior would

diverge from that of point dipoles in a planar metal cavity, we confirmed that the point

dipole approximation is valid for 2D excitons at 4K.229

The primary figure of merit we considered when designing an emission-suppressing planar

cavity for excitons in MoSe2 was the Purcell factor in the wavelength range 750-770 nm,

which corresponds to MoSe2 exciton and trion emission. Typically, without electrical gating,

we observe more intense photoluminescence from MoSe2 monolayers at the trion emission
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wavelength (≈ 770 nm) than at the exciton emission wavelength (≈ 750 nm), which suggests

slight intrinsic n doping. Because PL is the most readily accessible experimental metric for

this work and because trion lifetimes tend to be longer than exciton lifetimes, we optimized

our devices for 770 nm operation.

We explored a range of dielectric materials as spacer layers in the off-resonant cavity,

including SiO2, Al2O3, PMMA, and hBN. Overall, when considering parallel dipole emission,

materials with lower refractive index, like SiO2 (n ≈ 1.45) and PMMA (n ≈ 1.48) yielded

the lowest Purcell factors in simulations. In the most extreme case, we calculated a Purcell

factor of 0.03 for 770 nm dipole emission in a silver-SiO2-silver cavity, which represents a

greater than 30-fold emission suppression. We interpret these results as evidence that the

parallel dipole is best isolated from nonradiative emission into plasmonic oscillations in the

silver layers when the surrounding dielectric has a low index. However, other optical and

mechanical properties of the dielectric medium and its integration capability are not fully

captured by simulations. For example, SiO2 deposited with e-beam deposition often includes

charge traps, and PMMA is not compatible with our heterostructure dry transfer process

(Chapter 1) because it dissolves in chloroform. We therefore chose to explore a silver-hBN-

silver cavity in our initial experiments to avoid these potential issues and simplify fabrication.

Figure 6.1 illustrates a set of simulation results for a silver-hBN-silver cavity with varying

hBN and top silver layer thicknesses. The Purcell factor at 770 nm is displayed as a function

of these layer thicknesses. Reading a row in Figure 6.1 from left to right, the lowest Purcell

factor values occur when the hBN layer is 80-100 nm thick. With a thinner dielectric,

nonradiative emission into the metal increases. If the dielectric layer becomes too thick,

meanwhile, the cavity can support an optical mode and then enhance (FP > 1) rather

than suppress the dipole emission. Looking from the top of a column downwards, we can

see that a thicker top silver layer generally results in greater destructive interference and

emission suppression at the cavity center. However, it is important to note that there is a
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tradeoff between this suppression effect and our ability to probe the device experimentally,

as when the top silver layer becomes thick (several skin depths), less far field light will be

transmitted to the material we aim to optically probe. The boxes outlined in red represent

the geometrical parameters we targeted during our sample fabrication, which were simulated

to yield a Purcell factor of 0.09 at 770 nm.

Figure 6.1 – Simulated suppression of trion emission in MoSe2 by a planar cavity. (Left)
Schematic of the metal-insulator-metal structure used in simulations. The total hBN thick-
ness and the thickness of the top silver layer were both varied linearly. (Right) Purcell factor
at 770 nm wavelength for an in-plane dipole source located at the center of the cavity as a
function of total hBN thickness and top silver thickness. The region outlined in red repre-
sents the parameters targeted during sample fabrication.

6.3 Sample fabrication

To fabricate the optimized metal-insulator-metal structure, we began by depositing single

crystal silver via eptiaxy on cleaved mica. Single crystal silver is desirable due to its lack

of grain boundaries and because silver has a favorable (less lossy) plasmonic response in the

visible wavelength range compared to other metals. To generate a single crystal film, the

substrate must be heated to 300-350 C during deposition and the deposition rate must be

extremely high, in the range 1.5-2.0 nm/s.120,230 These parameters balance the dewetting
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of the silver film with agglomeration enabled by surface diffusion in order to yield a smooth

final surface. In our process, we used thermal deposition of 99.999% silver at 350 C and

a deposition rate of 1.7 nm/s in order to produce smooth 300 nm thick films. The results

are shown in Figure 6.2a. Atomic force microscopy demonstrates a surface with sub-nm

roughness (RMS ≈ 0.4 nm) and a triangular morphology which results from the [111] crystal

plane of the silver epitaxy on mica.

Following substrate preparation, we transferred an hBN-MoSe2-hBN heterostructure di-

rectly onto the silver surface. Figure 6.2b shows an optical microscope image of the het-

erostructure on the silver substrate. The thickness of the individual layers of this Van der

Waals stack were determined in advance by AFM in order to ensure they matched the desired

parameters from simulations. Each hBN flake was 45 ± 2 nm. The sample was cooled to

4K and an initial set of optical measurements was taken. Finally, the sample was returned

to room temperature and a final silver top layer was deposited using thermal evaporation

at a rate of 0.15 nm/s and no substrate heating. The deposition rate of this process was

calibrated in advance so that the final deposition yielded a 50 nm thick film. The sample,

pictured in Figure 6.3a, was then cooled to 4K again for a second set of measurements to

which we compared the original data set and analyzed changes in emitter lifetime.

6.4 Experimental results

We probed the impact of the off-resonant planar cavity on the MoSe2 exciton and trion

lifetimes by measuring PL linewidths, reflectivity linewidths, and PL lifetimes before and

after the final top silver layer was added to the device. Figure 6.3b shows a PL scan of

the monolayer region after the device was completed. Comparing this image to Figure 6.2c,

one can immediately see increased inhomogeneity in the intensity of the MoSe2 excitonic

response. In these scans, the material was probed with a 660 nm diode laser and PL from

both exciton and trion peaks was collected using a long pass filter. This initial result,
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Figure 6.2 – Preparation of MoSe2 heterostructure on single-crystal silver. (a) AFM scan
of [111] single crystal silver epitaxy on cleaved mica with RMS roughness of 0.4 nm. (b)
Optical microscope image of an hBN-MoSe2-hBN heterostructured after transfer onto the
silver substrate. (c) PL scan of the enacpsulated monolayer MoSe2 using 660 nm laser
excitation.
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combined with the optical image in Figure 6.3a, qualitatively suggests that the addition of

the top silver layer introduced disorder in the system, potentially including a varying local

strain profile. AFM scans of the top silver layer show significant agglomeration and an RMS

roughness of 10 nm. Additionally, PL spectra taken from over twenty locations on the MoSe2

before and after the top silver deposition showed significant degradation of the material

optical response in most areas. The only region of the monolayer which demonstrated two

easily identifiable peaks, the exciton and trion features, after the top silver deposition was

the separate triangular region at the top right of the 2D PL scans. We focused on this region

in the rest of our experiments.

Figure 6.3 – MoSe2 heterostructure in a metal-insulator-metal cavity. (a) Optical microscope
image of the structure in Figure 6.2a after an additional 40 nm silver layer was deposited
to complete the planar cavity. (b) PL scan of the enacpsulated monolayer MoSe2 inside
of the completed cavity using 660 nm laser excitation. (C) AFM scan of top silver layer
demonstrating significant agglomeration and 10 nm RMS roughness.

To quantitatively assess the impact of the top silver layer, we first considered modifica-
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tions to the PL linewidth of the exciton and trion peaks from ten locations within the top

region of the monolayer. These results are displayed in Figure 6.4. We extracted linewidths

by fitting Lorentzian peaks to each PL feature. For the exciton feature, half of the locations

demonstrated narrowed linewidths, and half were broadened. With these results, we cannot

make definitive conclusions about the impact of the off-resonant device on the exciton life-

time. The trion feature, however, showed linewidth narrowing in the majority of locations

measured, which suggests increased trion lifetimes, as expected from simulations.

Figure 6.4 – MoSe2 PL in a metal-insulator-metal cavity. (Left) Spectra before and after the
top silver layer deposition at nominally the same location on the MoSe2 sample. Exciton
and trion peak linewidths were extracted from a double Lorentzian fit. (Right) Summary of
PL linewidths at ten locations before and after the top silver layer was added. The dashed
line represents γInitial = γFinal.

We next compared the reflection spectra before and after the top silver layer was de-

posited. These spectra primarily feature the exciton response, which appears as an asym-

metric Fano dip over the background signal.61 Reflectivity resonantly probes the exciton

optical oscillations, in contrast to non-resonant PL measurements which include nonradia-

tive decay pathways. To collect this data, we filtered a white LED source with a long pass

filter in order to prevent PL contributions and collected light reflected from the sample. We

subtracted the background signal by referencing an area of the sample that included the full

97



silver-hBN-silver stack without the monolayer MoSe2 and normalized the result to the back-

ground level. Figure 6.5 displays the resulting spectra and a summary of linewidth changes.

As the plot in Figure 6.5a shows, the magnitude of the reflectivity signal is reduced when the

top silver layer is added, which is expected due to limited transmission through the film to

the monolayer. The shape of the signal is also modified, as additional broadband reflections

interfere with the exciton resonance. Overall, the linewidth of the exciton resonance was

reduced in eight of the nine locations from which we gathered data (one of the previously

measured points did not show a resonance feature). In some cases, the linewidth was reduced

by nearly a factor of four. For reference, other studies demonstrating a factor of two change

to exciton reflectivity linewidth claim an order of magnitude change in emitter lifetime.80,81

Figure 6.5 – MoSe2 reflectivity in a metal-insulator-metal cavity. (Left) Spectra before and
after the top silver layer deposition at nominally the same location on the MoSe2 sample.
Exciton peak linewidths were extracted from a Fano fit. (Right) Summary of reflectivity
linewidths at nine locations before and after the top silver layer was added. The dashed line
represents γInitial = γFinal.

The third dataset we compared was the time-domain PL decay of the exciton and trion

features. For these measurements, we fiber-coupled a pulsed laser source (Mira) with 728

nm center wavelength and approximately 200 fs pulse width. While we did not measure

the pulse width after the source propagated through the optical fiber, it is unlikely that

broadening would impact the experimental results due to the limited time resolution of our
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measurement. The resolution was determined by the avalanche photodetector (APD) used

for time-domain collection, which was ≈ 35 ps (MPD). This APD was connected via an NIM

electrical signal to a single photon counting module which time tagged each incoming photon

from the MoSe2 PL. In the lifetime experiments, we separately considered the excition and

trion emission by using narrowband bandpass filters on the collection channel (750 ± 5 nm

and 766 ± 6 nm, Semrock).

Figure 6.6 – Photoluminescence lifetime deconvolution. (Top) Instrument response function
(IRF, grey), trion PL decay data (red), and fit to a single exponential decay convolved with
the measured IRF (blue). The extracted PL lifetime for this dataset was 87 ps. (Bottom)
Residuals of the fit displayed in the upper plot.

Interpreting the lifetime data extracted in these experiments requires deconvolving the

instrument response function (IRF) of the apparatus from the PL decay. The IRF is a result

of the nonlinear response of the detector to the pulsed laser signal. The grey curve plotted

in Figure 6.6 represents the IRF in our experiment, which was obtained by recording the

pulsed laser signal reflected from a region on the silver-hBN sample away from the MoSe2

monolayer. A sharp Gaussian peak convolved with a slowly decaying tail is characteristic of
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fast-response silicon APDs. The tail is a result of photoexcited charge carriers diffusing into

the active region of the device after the initial excitation. PL decay can be modelled as a

single or multi-exponential function which is convolved with this IRF. To extract decay time

constants, we iterate a curve fitting algorithm that convolves an exponential decay function

with the experimentally obtained IRF, compares the output to the PL dataset, and then

iterates the exponential parameters until the fit is optimized. An example of the results of

this fitting procedure is shown in Figure 6.6.

With the resolution afforded by our experimental apparatus, we are unable to probe

exciton PL decay in the time domain. Trion PL decay, however, can be clearly discriminated

from the background IRF, as shown in Figure 6.7. By fitting these curves using the procedure

previously described, we successfully detected increased trion PL decay constants, indicating

extended optical lifetimes. In the regions corresponding to the three plots in Figure 6.7, the

trion decay was extended by up to a factor of 2.5. Furthermore, the regions in which the decay

tiem constant was increased generally corresponded to the regions that displayed narrowed

trion PL linewidths, as predicted.

6.5 Conclusion and Outlook

Taken as a whole, the PL spectroscopy, reflection spectroscopy, and PL time-domain mea-

surements in this work indicate the successful application of an off-resonant planar cavity to

extend exciton lifetimes. We demonstrated modifications to the lifetimes of exciton species

in monolayer MoSe2 by embedding the material in a silver-hBN-silver cavity. In some regions

of the MoSe2 sample, we observed PL and reflectivity linewidth narrowing of the excitonic

features and an increase in PL decay times, which are consistent with FDTD simulations.

However, our results are complicated by fabrication inhomogeneities which degraded the

optical response from a large portion of the MoSe2 sample and may independently lead to

changes in the emitter lifetimes due to the presence of strain or the diffusion of metal atoms
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Figure 6.7 – MoSe2 trion lifetime on silver versus in an off-resonant cavity. Each plot
corresponds to a different location on the sample. Extracted lifetimes from fitting a single
exponential convolved with the IRF are labelled.
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into the hBN in close proximity to the 2D TMD. Improving the fabrication procedure used

in this work will clarify the impact of the off-resonant cavity geometry on exciton lifetimes

and may yield more dramatic emission suppression. One promising integration approach

is the transfer of pre-deposited metal films directly onto Van der Waals heterostructures in

place of metal deposition through evaporation or sputtering. Several techniques to pattern,

strip, and transfer metal films onto 2D materials have recently been explored231,232 and will

likely improve interfaces between metals and van der Waals materials in future nanophotonic

engineering applications.
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Chapter 7

Summary and Outlook

The body of work presented in this dissertation demonstrates the importance of flexible

nanofabrication processes for building light-matter interfaces. As discussed in the introduc-

tory chapters, engineering optical environments on the nanoscale allows us to manipulate

the rate, spatial distribution, and spectral distribution of light emission for a range of quan-

tum and classical optoelectronic applications. In Chapter 3, we introduced a platform for

nanophotonic device fabrication that uses templated atomic layer deposition of TiO2 to

build integrated photonics without damaging underlying substrates. We delved into the

most critical elements of this process, the electron beam lithography and TiO2 deposition,

and provided insights into their most essential variables. Then, Chapter 4 detailed two

applications of this platform to quantum materials. In the first, photonic crystal cavities

were integrated with diamond membranes for spin-photon interfacing with color centers. In

the second, an integrated waveguide was used to generate an electrically controllable chiral

optical interface with a 2D semiconductor. Both of these applications are dependent on the

high quality and integration capability of the ALD TiO2 fabrication platform, which can

efficiently couple light to sensitive underlying materials. Chapter 5 further showed the flex-

ibility of this approach by extending it to a novel device geometry, azimuthally segmented

bullseye antennas, which enable both wavelength and polarization multiplexing in a single

nanoscale volume.

The work presented in Chapter 6 is disparate from the others in that it explored metal

rather than dielectric nanostructures and was aimed at suppressing rather than enhancing

spontaneous emission. By embedding a 2D semiconductor in a silver-insulator-silver planar

heterostructure, we successfully observed signatures of increased exciton and trion lifetimes.

Fabrication inhomogeneities, however, complicated these results. Difficulties depositing high

quality films on Van der Waals materials restricted the materials available in our device and
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degraded the exciton response in a large portion of our sample. These experiments only

further underline the importance of flexible nanofabrication methods for hybrid material

integration.

Future work leveraging the approaches introduced in this thesis will require careful con-

sideration of process parameters. Although the TiO2 ALD process presented here is highly

reproducible, certain aspects, such as the e-beam lithography parameters, are critically de-

pendent on template geometry and should be re-optimized for new applications. A set of

fabrication recipes essential to the work in this thesis can be found in the appendix and may

serve as a useful starting point for future projects. Understanding the physical mechanisms

at play during each process step is the best approach to troubleshooting and for identifying

the root cause of process issues when they inevitably arise. We believe that the uniquely

high integration capability and broad wavelength operation of the TiO2 ALD platform will

make it an important asset to future nanophotonic engineering with quantum materials.
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Nature Nanotechnology 2022, 17, DOI: 10.1038/s41565-021-01068-y.

(71) Pizzocchero, F.; Gammelgaard, L.; Jessen, B. S.; Caridad, J. M.; Wang, L.; Hone, J.;
Bøggild, P.; Booth, T. J. The hot pick-up technique for batch assembly of van der
Waals heterostructures. Nature Communications 2016, 7, DOI: 10.1038/ncomms11894.

(72) Shreiner, R.; Hao, K.; Butcher, A.; High, A. A. Electrically controllable chirality in
a nanophotonic interface with a two-dimensional semiconductor. Nature Photonics
2022, 16, DOI: 10.1038/s41566-022-00971-7.

(73) Li, J.; Goryca, M.; Yumigeta, K.; Li, H.; Tongay, S.; Crooker, S. A. Valley relaxation
of resident electrons and holes in a monolayer semiconductor: Dependence on carrier
density and the role of substrate-induced disorder. Physical Review Materials 2021,
5, 1–11.

109



(74) Huang, Y. et al. Universal mechanical exfoliation of large-area 2D crystals. Nature
Communications 2020, 11, DOI: 10.1038/s41467-020-16266-w.

(75) Liu, F.; Wu, W.; Bai, Y.; Chae, S. H.; Li, Q.; Wang, J.; Hone, J.; Zhu, X. Y. Disas-
sembling 2D van der Waals crystals into macroscopic monolayers and reassembling
into artificial lattices. Science 2020, 367, 903–906.

(76) Ma, X.; Youngblood, N.; Liu, X.; Cheng, Y.; Cunha, P.; Kudtarkar, K.; Wang, X.;
Lan, S. Engineering photonic environments for two-dimensional materials. Nanopho-
tonics 2021, 10, 1031–1058.

(77) Liu, X.; Galfsky, T.; Sun, Z.; Xia, F.; Lin, E. C.; Lee, Y. H.; Kéna-Cohen, S.; Menon,
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cavity. Physical Review A - Atomic, Molecular, and Optical Physics 1996, 53, 3587–
3605.

(229) Chen, G. H.; Li, D. Z.; Butcher, A.; High, A. A.; Chang, D. E. Engineering the
radiative dynamics of thermalized excitons with metal interfaces. New Journal of
Physics 2022, 24, 023015.

(230) Park, J. H.; Ambwani, P.; Manno, M.; Lindquist, N. C.; Nagpal, P.; Oh, S. H.;
Leighton, C.; Norris, D. J. Single-crystalline silver films for plasmonics. Advanced
Materials 2012, 24, 3988–3992.

121



(231) Went, C. M.; Wong, J.; Jahelka, P. R.; Kelzenberg, M.; Biswas, S.; Hunt, M. S.;
Carbone, A.; Atwater, H. A. A new metal transfer process for van der Waals contacts
to vertical Schottky-junction transition metal dichalcogenide photovoltaics. Science
Advances 2019, 5, 1–9.

(232) Liu, Y.; Guo, J.; Zhu, E.; Liao, L.; Lee, S. J.; Ding, M.; Shakir, I.; Gambin, V.;
Huang, Y.; Duan, X. Approaching the Schottky-Mott limit in van der Waals metal-
semiconductor junctions. Nature 2018, 557, 696–700.

122



Appendix A

Nanofabrication Recipes and Notes

Table A.1 – E-beam lithography parameters for nanophotonic device templates in PMMA.
Resist thickness was typically 275-475 nm, depending on targeted device height.

E-beam lithography parameters

Beam step size 0.002 µm
Writing resolution 0.0005 µm
Multipass exposure 4x
Dose 175-300 uC/cm2
Beam current 0.3 nA
High resolution mode True
Fracturing mode LRFT

Table A.2 – TiO2 atomic layer deposition parameters. Typical deposition rate was 0.061
nm/cycle.

TiO2 atomic layer depsotion recipe

N2 flow rate 100 sccm
Chamber temperature 90 C
TDMAT pulse 0.08 s
TDMAT purge 5 s
Stop valve closed -
Water pulse 0.1 s
Wait 2.9 s
Stop valve opened -
Water purge 7 s
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Table A.3 – ICP chlorine etch parameters. Typical etch rates are 1.5-1.7 nm/s.

ICP chlorine etch recipe

Substrate bias 150 W
ICP power 400 W
Cl2 flow 12 sccm
BCl3 flow 8 sccm

Table A.4 – Single-crystal silver deposition parameters. Epitaxy was successful on cleaved
mica.

Single-crystal silver deposition

Base pressure 3.5 ×10−6 Torr
Substrate temperature 350 C
Soak 1 power 25%
Soak 1 time 180 s
Soak 2 power 40%
Soak 2 time 30 s
Deposition rate 1.7 nm/s
Deposition thickness > 300 nm
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