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Abstract

Solid-state quantum emitters embedded in carefully engineered nanostructures
could enable a new generation of quantum information and sensing technologies, including
networked processors for quantum computing and precise monitors of temperature and
strain at the nanoscale. The primary goal when designing these nanostructures is to utilize
the Purcell effect to improve the emission rate, directionality and brightness of quantum
emitters, as long decay times, nondirectional emission and weak fluorescence limit their
applications. One particularly promising emitter is the silicon vacancy (SiV) in diamond,
which offers excellent photostability and minimal spectral diffusion, in addition to coherent
emission at its zero-phonon line (ZPL) comprising 80% of its total fluorescence.

In this dissertation, up to 121-fold enhancement of the spontaneous emission rate
of SiVs coupled to plasmonic nanogap cavities is demonstrated. The vacancy centers are
implanted into a monolithic diamond thin film, which is then etched to nanometer-scale
thickness, an approach with a clear path towards wafer-scale fabrication. A novel approach
to creating film-coupled nanogap metasurfaces was developed to support this research and
consists of transferring EBL-fabricated nanoparticles by using a PDMS stamp. Up to seven
orders of magnitude of enhancement of nonlinear frequency conversion was also observed
in diamond thin films coupled to these metasurfaces. Furthermore, a robust mechanism for
actively tuning the nanocavity absorption resonance by integrating sub-10-nm films of the
phase-change material vanadium dioxide. This platform opens up opportunities for on-chip

quantum networks and nanoscale sensors based on nanocavity-coupled SiVs with the
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potential for in-situ frequency conversion to outcouple to photonic circuits and

reconfigurable properties by incorporating VO?2 thin films.
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1. Introduction

1.1 Perspective

It would both correct, in many ordinary circumstances, and decidedly too
simplistic to say that the diffraction limit is the smallest length scale of interest when
formulating an elementary theory of optics or designing photonic devices. Indeed, the
diffraction limit is of fundamental importance for the field of optics as it certainly limits
the length scales that can be resolved when performing ordinary light microscopy and
many conventional photonic devices like waveguides cannot function unless their size is
significantly larger than the wavelength of interest. Yet, on the other hand, the diverse
research field of nanophotonics has revealed a manifold of ways in which light can be
confined and manipulated on length scales comparable to or, in many cases, far below
the diffraction limit. Approaches for subverting the diffraction limit in this manner
include photonic crystals, metamaterial lenses and wavefront optics, and, as will be
discussed at great length in the pages to follow, plasmonic/metallic nanostructures.

It would be furthermore naive to conclude that only artificial engineering has
devised means for manipulating light at length scales below the diffraction limit, as
nature has employed these techniques for millions of years to produce bright coloring or
camouflage in a variety of plants and animals ranging from the feathers of birds of
paradise, the skin of chameleons, butterfly wings and the spine of the sea mouse.

Indeed, evolutionary biology is capable of producing a wide enough range of optical



nanostructures to yield an array of visual effects from active camouflage, to narrowband
colors produced by highly-ordered nanostructures and sparkly reflectance of a
broadband nature resulting from strongly disordered, natural photonic crystals that
induce Anderson localization of light.!

Plasmonics, or the study of metallic nanostructures capable of coupling light to
coherent oscillations of the free electrons in the metal known as plasmons, provides an
interesting case study of the surprising and complex optical phenomena that can arise
when discontinuities and structuring of materials at sub-wavelength scales are involved.
Indeed, metals are thoroughly uninteresting in a conventional optics context, merely
acting as broadband reflectors (at photon energies smaller than the energy necessary to
pump the metal’s interband transition) that are well described by elementary ray optics.
Yet, as will be expounded upon in the chapters that follow, plasmonic nanostructures
enable a host of useful and interesting photonic applications ranging from, high-
sensitivity bio sensors, ultrafast photodetection, efficient nonlinear generation,
photocatalysis and, pivotally, control of optical emitters with effects that are both
powerful and wide-ranging.? Furthermore, plasmons have wavelengths about an order
of magnitude smaller than optical waves, opening up the possibility for packing many,
many more photonic components into a chip-scale device than would be possible with

other types of photonic technology.



The results presented in this dissertation all employ the use of film-coupled
plasmonic nanogap cavities. In these sorts of devices, the architecture is engineered on
the single-nanometer/molecular scale, bringing to fruition the full potential of
plasmonics to deliver devices that are scalable to potentially the same degree as
semiconductor electronic circuits and capable of squeezing light to dimensions small
enough that force a complete rethinking of what is possible given the intrinsic optical
properties of the materials involved, potentially to the benefit of many of the potential
applications for plasmonics that were listed above.? In the context of the research
presented in this dissertation, this involves drastically altering the properties of single-
photon sources that are candidates for quantum information device components to bring
together the necessary mix of emitter properties that cannot be achieved simultaneously
with any one natural, quantum emitter. Chapter 3 gives an overview of many potential
solid-state quantum emitters and should help to make the case why nanophotonic
engineering, such as through a plasmonic nanocavity, might be necessary to push these
solid-state candidate quantum emitters over the edge to potentially achieve the status of
the material of choice for sophisticated applications in quantum information. The field of
nanophotonics and molecular-scale plasmonics, in particular, are rapidly evolving. As
research progresses in these fields, the landscape of potential applications could
transform completely, in the entire range of use cases and not just in quantum

information.



1.2 Background

Some may be surprised to learn that the earliest artificial use nanophotonic
structures goes back approximately two millennia to when the Romans utilized metallic
nanoparticles in the creation of stained glass.? A particular masterful demonstration of
this type of craftsmanship is the Lycurgus Cup, a glass cage cup that was forged in the
4™-century CE and depicts the myth of King Lycurgus, who is portrayed as he is being
dragged to the underworld by the Greek nymph Ambrosia, disguised as a vine. As
shown in Figure 1.1, the cup is a striking example of dichroic glass, as it appears red and
pink when back-illuminated (transmitted light) yet is a mix of seafoam- and yellow-
green when front-illuminated (reflected light). The dichroic effect results from colloidal
nanoparticles of gold and silver, which were dispersed throughout the glass and were
made from very finely ground silver and gold dust.*

However, any understanding of the mechanics of plasmonic behavior would not
come until much later; the foundational mathematical descriptions of these phenomena
began to emerge around the turn of the 20th century. The development of a theory of
surface plasmon polaritons is not very clean cut and began with papers by Sommerfeld
in 1899 and Zenneck in 1907 that modeled the propagation of radio waves along the
surface of a conductor with finite conductivity. The first observation of similar
phenomena in the visible band was in 1902 by Wood who observed anomalous dips in

the reflection spectra of light after hitting a metallic grating; however, it was not until



1941 that Fano connected this experimental observation with the related theoretical

work of Sommerfeld and Zenneck.

Figure 1.1 Photographs of the Lycurgus Cup, displaying its marvelous dichroic glass.*

In 1957, Ritchie observed related phenomena in the form of loss during the
diffraction of electron beams at thin metallic films; in 1968, he then linked these
observations back to the original work on loss during the reflection of visible light at a
diffraction grating. The last key to a unified description of all these loss/surface wave
phenomena was also discovered in 1968 by Kretschmann and Raether, who were able to
use visible light to excite the same surface waves that Sommerfeld had with radio
waves. A unified theory of surface plasmon polaritons was then developed. As far as the

theory of localized surface plasmons in metal nanostructures, Mie laid out a clear
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mathematical foundation for the description of this type of plasmon in 1908 and further
development of this theory did not take so many twists and turns as did the theory of
surface plasmon polaritons.?

Plasmonics as an entire research field of its own did not emerge until the 1990s,
with early interest being focused on plasmonic sensors. Around the turn of the
millennium, much interest arose in research topics that leveraged the ability of plasmons
to confine light in deeply subwavelength scales, such as highly integrated photonics and
optical data storage.® In the first decade of the 21% century, considerable research focus
began to be paid to employing plasmonic nanostructures to greatly reduced the
emission lifetime of coupled emitters via the Purcell effect. The Purcell effect, which
describes the increase in the optical density of states (and, in turn, the radiative emission
rate according to Fermi’s Golden Rule) of a radiative dipole emitter via confinement
within a subwavelength cavity, had been known since Purcell’s original paper in 1946.°
However, advancements in nanophotonic technology, particularly in photonic crystals
and plasmonics, needed to be made for the full potential of the Purcell effect to be
realized. In the early 2000s, Purcell enhancement factors (usually shortened to Purcell
factors) of ~10-100 were achieved.

In 2009, a landmark paper by Kinkhabwala et al. demonstrated 1,340-fold
enhancement of the emission brightness of single-molecule fluorescence by coupling to

plasmonic bowtie antennas through a combination of Purcell enhancement of the



radiative rate, absorption rate enhancement and enhancement of the intrinsic quantum
efficiency.” Similarly dramatic results were achieved using film-coupled plasmonic
nanocavities to produce upwards of 1,000-fold enhancement of the radiative rate of
single dye molecules, with simulation pointing to the potential for up to 10,000-fold
enhancement of the radiative rate with optimal coupling of the dye molecule to the film-
coupled nanoantenna.® The results from this paper were then extended to achieve
similar enhancements of single-photon emission from single quantum dots,’
fluorescence from monolayers of 2D materials,'® and infrared emission of PbS quantum
dots.!

These results demonstrate the unparalleled ability of plasmonic nanostructures
to alter the emission properties of coupled emitters by orders of magnitude. One of the
main results from this dissertation concerns the use of film-coupled plasmonic
nanocavities to enhance the spontaneous emission rate of silicon vacancy centers in
diamond by two orders of magnitude. Vacancy centers in diamond have their own
history, spanning three decades, as a topic of research in photonics and quantum optics,
which will be discussed in depth in Chapter 3. The results communicated in this
dissertation aim to unite the singular properties of deeply subwavelength plasmonic
nanocavities for tailoring of spontaneous emitter properties with the important research

tield of vacancy centers in diamond, which are perhaps the most important type of



solid-state quantum emitter, as they show great promise for implementation in quantum

computing architectures and quantum key distribution schemes.

1.3 Organization

The remainder of this dissertation is organized as follows. Chapter 2 provides an
introduction to the field of plasmonics, with an emphasis on recent advances to push the
scale of plasmonic devices down to molecular sizes. Chapter 3 gives an overview of the
existing research into color centers in diamond and their potential use as components in
quantum computing or quantum communications architectures. The chapters that
follow describe research undertaken during the course of my doctoral studies beginning
with a foundational study of EBL fabrication of nanogap plasmonic cavities in Chapter
4. Next, in Chapter 5, active tuning of the plasmon resonance of nanogap cavities is
explored via integration of nanometer-scale films of VO.. In Chapter 6, ~100x Purcell
enhancement of silicon vacancies in diamond is demonstrated via coupling to plasmonic
nanogap cavities. Finally, in Chapter 7, efficient nonlinear generation in the form of
SHG, THG, SFG and FWM are demonstrated in diamond thin films via coupling to

plasmonic nanogap cavities. Chapter 8 offers some concluding thoughts and outlook.

1.4 Note on Collaborative Research

I would like to make a preliminary note on contributions from my
colleagues/collaborators. Chapters 2 and 3 provide background on plasmonics and

vacancy centers in diamond, respectively, which is sourced from published and cited



literature. As is common in experimental photonics work, I had co-authors for the
various projects that I worked on.

The work in Chapter 4 was co-authored with fellow graduate student Qixin Shen
and visiting student Guoce Yang. Dr. Shen and I worked collaboratively to fabricate the
samples, characterize them via SEM and measure their optical properties. Dr. Yang
performed the COMSOL simulations presented in the last figure. The results presented
in Chapter 5 were co-authored with fellow graduate student Jon Stewart. Dr. Stewart
performed ellipsometry measurements on the sample, created the model for COMSOL
simulations, and assisted on fabrication and measurement of earlier sample iterations. I
fabricated the published samples, characterized them via SEM, measured their optical
properties and analyzed the experimental data. Likewise, Chapter 6 was co-authored
with Nathan Wilson and Amirhassan Shams-Ansari. I collaborated with Dr. Shams-
Ansari to anneal and etch the diamond films. Mr. Wilson and I collaborated to measure
the optical properties of the SiVs coupled to nanogap cavities and analyze the data. I
fabricated the EBL metasurface and simulated the structure. Finally, Chapter 7 was co-
authored with Qixin Shen, Nathan Wilson, Amirhassan Shams-Ansari, and Tao Cai,
where I had a secondary role in this project. Dr. Shams-Ansari and I etched the diamond
slabs. I performed AFM measurements on the etched diamond slabs. Dr. Shen and Dr.
Cai fabricated the EBL metasurfaces and performed the nonlinear optics experiments

with my assistance. Mr. Wilson measured Fabry-Perot resonances in the etched diamond



slab to verify the thickness of various areas on the sample. All research in this

dissertation was advised and guided by Prof. Maiken Mikkelsen.
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2. Molecular-Scale Plasmonics

Recently, plasmonic nanogap cavities have been employed to demonstrate
hundreds- to thousands-fold Purcell enhancement of embedded spontaneous emitters,
values that are unparalleled in other nanophotonic architectures. This and similar
architectures are pushing the sub-wavelength nature of plasmonic devices to the
extreme of single-namoeter/molecular scales. Purcell enhancement is inversely
proportional to the mode volume of the cavity to which a spontaneous emitter is
coupled. As a result, molecular-scale plasmonics is enabling unprecedented Purcell

enhancement, as well as many other uniquely tailored light-matter interactions.

2.1 Fundamentals of Plasmonics

The field of plasmonics brought a novel means of confining light at optical
frequencies to subwavelength scales and offers promise for applications ranging from
sensing to communications and photocatalysis. The field is named for surface plasmon
polaritons (SPPs), which are coherent oscillations of the electromagnetic field and charge
density at a metal-dielectric interface. SPPs occur in metals as they require the free
electron gas found in the conduction-band electrons of a metal. In a SPP, energy from
light can be coupled to subwavelength scales in the dimension perpendicular to the
metal-dielectric interface and arises due to evanescent decay on either side of the

interface because the propagation constant is greater than the wave vector in the

11



dielectric. 2 A schematic representation of a SPP excited at the metal’s surface by

incident fields propagating in the dielectric is shown in Figure 2.1.

Figure 2.1 Schematic representation of the electromagnetic field associated with a
surface-plasmon polariton propagating along a metal-dielectric interface

Plasmons are quasi-particles, which are utilized conceptually to quantize plasma

oscillations in the metal in increments of 7®,, where o, is the plasma frequency and is
an intrinsic property of a metal given by:

nez
W, = |—
P me,

Where 1 is the free electron density, e is the fundamental charge unit, m is the effective
electron mass, and ¢, is the permittivity of free space.

Plasmons in the bulk of the metal oscillate with frequency w,; however, surface
plasmons at the interface of the metal with a dielectric oscillate at a lower frequency

given by:

Wp
Wep = ——
P W,1+8d

where ¢, is the dielectric constant of the adjacent material.

12



Plasmons also exist in the form of localized surface plasmons (LSPs), which are
non-propagating, coherent oscillations of the conduction electrons in a metallic
nanoparticle.? Optical illumination provides a direct means of exciting LSPs on metallic
nanoparticles. Typical nanoparticle shapes for plasmonics include nanospheres and
nanocubes. Once the electron cloud in these particles has been displaced by an incident
field, the nonequilibrium concentration of negative/positive charge on either side will
act as a restoring force and the plasmon’s coherent oscillation will continue until
overcome by damping, primarily via Joule heating. Figure 2.2 provides a schematic

representation of LSP oscillations.

Electric field

Metal sphere - = =

N :
| |

Electron cloud

Figure 2.2 Schematic representation of displacement of the electron cloud in a metallic
nanosphere resulting from incident optical fields.'®

The LSP oscillates with a frequency that is determined by the metal the
nanoparticle is made of (via the bulk plasmon frequency of that metal), as well as the
size and shape of the nanoparticle. Resonant phenomena arise when the frequency of the

driving optical fields match the LSP frequency, which is known as the localized surface
13



plasmon resonance (LSPR) of the metal. Other factors can also influence the LSPR
wavelength, such as coupling to neighboring nanoparticles and the surrounding
dielectric environment of the particles, enabling further flexibility for tuning the LSPR of
a plasmonic system.

Traditionally, noble metals such as gold and silver have been used for
plasmonics due to their high conductivity, which limits nonetheless substantial ohmic
losses present in any plasmonic system. While appealing in terms of their conductivity,
gold and silver have other drawbacks, including high material cost, incompatibility with
silicon fabrication, inoperability in the UV due to low bulk plasmon frequencies, and, in
the case of silver, rapid degradation in performance due to oxidation in atmospheric
conditions.

A variety of alternative materials have been explored to overcome some of these
drawbacks. Copper and aluminum offer satisfactory plasmonic properties at a much
lower cost while being compatible with silicon fabrication processes. Furthermore,
aluminum has a high bulk plasmon frequency and thus can operate in the UV, opening
up applications in that band including photocatalysis.!*!> Other plasmonic metals with
high enough bulk plasmon frequencies to allow use in the UV include rhodium, gallium
and indium. *'® Another application of interest is creating plasmonic devices for

extremely high-temperature applications, such as aerospace. Titanium nitride is a

14



leading candidate for these applications, as it offers a superb melting point, although it

suffers from limited conductivity and challenging fabrication.!”

2.2 Survey of conventional plasmonic structures

Light absorption is a critical phenomenon for many key applications including
solar energy, optical communication, photocatalysis and sensing. Engineered structures
known as metasurfaces have been widely utilized to realize some of these applications. A
metasurface is an array of subwavelength elements in which each element is designed to
manipulate the phase and amplitude of transmitted, reflected, and scattered light.’> An
ideal light-absorbing structure for sensing or communications applications would have
an absorption resonance that can be easily and precisely tailored, 100% absorption on-
resonance, 0% absorption off-resonance and moderate bandwidth. On the other hand,
broad absorption over an entire band could find many applications; for example,
absorption over the entire visible range would be useful for photovoltaics. Both of these
types of metamaterial absorbers have received considerable attention in the literature.
Here we will confine our literature overview to plasmonic metasurfaces, although a
number of dielectric metasurface absorbers have been extensively studied.

An early demonstration of a plasmonic perfect absorber was by Teperik et al.,
using nanostructured metal surfaces that operate in the visible and near-infrared regimes
and are fabricated by electrochemically depositing gold on a monolayer of latex spheres

supported on a gold substrate.’* The latex is later removed, and empty spherical voids
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remain underneath the gold. The metasurface relies on plasmons generated around these
voids to create perfect absorption. Furthermore, they are able to tailor the absorption
resonance wavelength by varying the thickness of the deposited gold. A consequence of
their fabrication method and its reliance on depositing colloidal latex spheres is that
deterministic placement of these void plasmonic hotspots is not possible.

An example of an EBL-fabricated metasurface perfect absorber is the Atwater
group’s work on broadband absorption in the visible using crossed trapezoidal arrays in
a MIM configuration with an average measured absorption of 0.71.17 They also simulate
metasurface designs with average absorption of 0.85, indicating the potential of this
system for super absorption over the entire visible band.

Nielsen et al. improve on the Atwater group’s figure for broadband light
absorption in the visible by demonstrating a periodic array of EBL-fabricated, differently
sized and circularly shaped gap plasmon resonators with an average absorption of ~94%
for unpolarized light from 400-750 nm.'® By finite-element simulations, they are able to
verify that the absorption comes from localized gap surface plasmon whose resonant
excitations depend only weakly on the angle of incidence.

Giessen’s group has worked extensively on developing EBL-fabricated plasmonic
perfect absorbers in a MIM configuration, which they initially demonstrated in the near
infrared. Their structure consists of Au disks with 352 nm diameter and 20 nm height

separated from an Au ground plane by a 30 nm MgF: spacer layer.?’ They were able to
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obtain 99% absorption on resonance at 1.6 um for normal incidence; peak absorption for
the structure remains high even out to +80° angles of incidence. They furthermore propose
refractive index sensing as an application for the structure as simulations revealed that
the resonance of the structure blue-shifts as it is submerged in a liquid with an
increasingly larger index.

Since the initial demonstration, Giessen’s group has also demonstrated that their
structure can be fabricated using a more scalable and cost-efficient process known as
colloidal etching lithography, which leverages colloidal deposition of polystyrene
nanospheres to form the template for the Au nanodisks.?’ Argon etching serves as the
“lithography” process to transfer the pattern from the polystyrene nanospheres to the Au
nanodisks; thus, the entire fabrication method is parallel in nature and therefore scalable.
A drawback of the process is that it does not allow for deterministic placement of the
nanodisks because the template polystyrene nanospheres are deposited from solution.

Even more recently, Giessen’s group has shown that laser interference lithography
can also be employed to create their structure, this time using nanosquares instead of
nanodisks.?? This technique relies on creating and recording a 2D interference pattern in
photoresist before completing a standard evaporation and liftoff process. Laser
interference lithography is normally used to fabricate regular arrays of nanoparticles and
thus does allow for deterministic placement of metasurface elements but is limited in how

fabricated metasurfaces can be structured. Furthermore, by making their nanosquares out
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of palladium, they show how the structure can be applied as a hydrogen sensor. In
ambient conditions, the metasurfaces demonstrate 99% absorption, which drops to 96%
in the presence of hydrogen and corresponds to a relative signal change of nearly 400%.
The combination of a scalable fabrication process and high sensitivity makes these
metasurfaces potentially suitable for commercial plasmonic devices.

Alternative plasmonic materials have also been utilized for fabricating perfect
absorbers. Kildishev’s group demonstrated a broadband absorber with high average
absorption of 95% over the entire visible range.”> The metamaterial consists of TiN
nanostructures in a square frame shape and is fabricated by EBL. The broadband
absorption of these TiN nanostructures is found to far outperform identically patterned

Au and Ag structures.

2.3 Active Tuning of Metasurface Absorption Resonance

Recently, much interest has been devoted to actively tuning metasurface
properties. The mechanisms for tuning are numerous but are generally designed to either
shift a metasurface absorption resonance or modulate the phase and/or angle of reflected
light. Phase modulation has been explored by the Atwater group. They created a
metasurface based on conducting oxides that allows for 180° tuning of the phase and 30%
change in the reflectance by applying a 2.5 V gate bias.?* Furthermore, they demonstrated

modulation frequencies upwards of 10 MHz and electrical switching of +1 order diffracted
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beams by electrically controlling subgroups of metasurface resonantors, laying the
foundation of electrically tunable, beam-steering phased array metasurfaces.

Many demonstrations have centered on controlling the metasurface absorption
resonance. Capasso’s group has shown that the resonant wavelength of a plasmonic
antennas can be actively tuned by integrating graphene under the optical antennas and
placing electrical contacts.”> Applying a voltage results in the resonant wavelength
shifting over a range of 650 nm in the mid to far infrared, corresponding to 10% of the
resonant frequency.

Placing strain on a metasurface is another means of changing its properties. Gutruf
et al. fabricated an all-dielectric system composed of TiO2 pillars on a PMDS matrix with
resonant wavelength in the visible.® Stretching the metasurface causes large, 2-3
linewidth shifts in the resonant wavelength. However, mechanical tuning is not ideal for
devices and the shifted resonance for high strains demonstrates poor peak absorption.

The use of phase-change materials is another means of controlling the absorption
properties of metasurfaces. YH> undergoes an insulator-to-metal to (IMT) transition to
YHs when hydrogen gas is flowed past it, an effect which is leveraged by Giessen’s group
in their work on creating YH: optical antennas in a MIM configuration.”” Inducing the
insulator to metal transition in YH2makes it possible to switch the metasurface absorption
resonance on or off as is shown in Figure 1. While these antennas could be very useful for

applications in hydrogen sensing, flowing hydrogen gas is not a practical switching
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mechanism for other applications due to the large device footprint that would be required
and hydrogen’s flammability. Furthermore, the absorption resonance for the antennas is
broad and does not have high peak absorption.

Giessen’s group has also explored leveraging the amorphous-to-crystalline phase
change in germanium antimony telluride (GST) to create actively tunable metasurfaces.
In a MIM configuration, they use a GST spacer layer to separate square Al nanoantennas
with side-length of 450 nm from an Al ground plane, yielding a final structure with a
strong absorption resonance (>90% absorption) at ~2.9um.?® Heating the sample induces
the GST phase transition causing a redshift in the absorption of 0.7um while maintaining
strong absorption; this shift corresponds to a high reflectance contrast of AR = 0.6. They
also create a sample containing arrays four different sizes of square nanoantennas
arranged in a checkerboard pattern to demonstrate multispectral imaging as a potential
application of the system.

Another phase change that can utilized for active plasmonic devices is the IMT in
VO, which, as is shown in Fig. 2, occurs when VO is heated to 68°C and switches crystal
structure from monoclinic to tetragonal.? This is accompanied by a shift in its refractive
index, which occurs with a large magnitude in the mid to far infrared, as well as to a
smaller degree in the visible. The VO2IMT has been leveraged in a few demonstrations of
active plasmonic devices in the mid to far infrared. One of these is the Capasso group’s

work on switching the scattering resonance of Y-shaped plasmonic antennas that operate
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in the far infrared; impressive switching magnitudes of greater than a linewidth are

demonstrated.3?

2.4 Dimer Plasmonic Antennas and the Push Towards Molecular-
Scale Plasmonics

Another quintessential plasmonic device geometry is the dimer antenna, which
consists of two plasmonic nanoparticles positioned in proximity to each other (separation
of 10s of nm) such that an antenna resonance arises that is strongly influenced by the
coupling between the two nanoparticles comprising the dimer. In this configuration, very
strong “plasmonic hot spots” — areas of large electric field confinement and, therefore,
enhancement can often be created. One prototypical dimer architecture is the bowtie
antenna, which consists of two triangular nanoparticles placed in close proximity to one
another in the shape of a bowtie. Very high electric field enhancements are possible in this
geometry since the corners of the two triangles independently form plasmonic hot spots
and this effect is further amplified by placing them very close to one another in a dimer
configuration.

Kinkhabwala et al. used this structure to show 1,340-fold enhancement of the
brightness of single-molecule fluorescence. The authors employed electron-beam
lithography (EBL) to position the two sides of the bowtie dimer with a separation of about
15 nm. At the time of publication, this work constituted the largest nanophotonic
enhancement of a spontaneous emitter’s brightness achieved in literature by a factor of

10.7 The dimer architecture that they employed allowed them to create a plasmonic cavity
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with a uniquely small mode volume, giving rise to extremely high enhancement of
incident optical fields. Dimer antenna structures like the one described above began the
push to create plasmonic devices at the single-nanometer/molecular scale, which has
enabled more complete leveraging of the ability of plasmonics to subvert the diffraction
limit and explore exotic phenomena such as single-molecule strong coupling'®, enabling
optical transitions forbidden by selection rules,”” and creating biosensors with ultra-low
limits of detection.?® Dimer antenna structures; however, are not without their drawbacks,
such as difficult fabrication as two nanoparticles needed to be positioned within very close
proximity to one another, something that can often only be achieved via EBL, a fabrication
technique that is expensive and not scalable. This provided researchers with a motivation
to explore other plasmonic structures that might allow for investigation of the exotic
phenomena enabled by molecular-scale gaps, while offering scalable and inexpensive

fabrication.

2.5 Film-Coupled Plasmonic Nanocavities: Molecular-Scale
Plasmonics for Centimeter-Scale Devices

A key advancement in nanoscience that enabled exploration of alternative
plasmonic geometries with ultrasmall mode volumes was the development of recipes for
the colloidal synthesis of metallic nanoparticles with a range of shapes and
compositions.?*~2* Colloidal synthesis is a highly appealing fabrication technique as it

offers much greater scalability than EBL, results in high-quality nanoparticles with
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single-crystalline facets, and is capable of producing shapes with perfect fidelity at sizes
<50 nm where EBL fabrication is challenging.

Colloidal synthesis provides a solution to the problem of scalable and reliable
nanoparticle fabrication; however, the issue remained of how to arrange nanoparticles
into a device architecture capable of very high field confinement, like that of a dimer
antenna. Here again advancements in chemistry had something to offer the plasmonics
community. Polymer chemists had developed self-limiting monolayers that could be
stacked to yield dielectric coatings with single-nanometer precision in their thickness.?>2
These advancements in chemistry formed the necessary building blocks — the only
remaining thing that was necessary was a plasmonics insight that metallic nanoparticles
could resonantly couple to metallic films resulting in mirror charges in the metallic film
upon excitation of the cavity and thus electric field profiles that are effectively analogous
to that of a dimer antenna.

Mock et al. published an early study of these film-coupled nanocavities by
examining gold nanospheres coupled to gold films with resonances that could be tuned
by adjusting the number of self-limited polymer layers as discussed above.?® Moreau et
al. expanded upon this work by instead using colloidal silver nanocubes as the
nanoparticles in film-coupled metasurfaces; in their article, they develop a framework for
understanding the perfect absorption of film-coupled metasurfaces in a metamaterials
context. In their description, the combination of having an electric conductor in the form
of the metallic film and an effective magnetic conductor in the form of the current loop of

the film coupled nanocavities leads to two reflected optical waves that are perfectly out of
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phase with each other, thus yielding a reflection coefficient of zero. Because the metallic
film in opaque and thus has a transmittance of zero, the combination of these two
properties results in resonant perfect absorption by the film-coupled metasurface.?’

The absorption resonances in the Moreau article were only about 50% in strength.
Akselrod et al. were able to realize >99% absorption on resonance as was predicted by
the metamaterial theory developed by Moreau et al. Furthermore, they were able to
leverage the scalable nature of the self-limited polymer layers and colloidal silver
nanocubes to demonstrate perfect absorber devices over centimeter-scale areas. The film-
coupled nanocavities also maintained most of their performance as resonant perfect
absorbers for large incident angles up to 60°.

Much subsequent work has leveraged film-coupled nanocavities for a wide range
of applications, their ability to strongly absorb and confine energy from incident optical
fields having been established. The literature to date has included demonstrations of
actively tunable metasurfaces,?®?° enhanced fluorescent biosensors,? high-speed
pyroelectric photodetectors® and plasmonic color printing.* Perhaps the application of
film-coupled nanocavities that has received the most attention in the literature is Purcell
enhancement of embedded emitters, including, notably the highest Purcell factor to date
observed in any nanophotonic structure. More attention will be given to this application
in the following section, which presents a broader review of Purcell enhancement of

emitters coupled to nanophotonic cavities.
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3. Vacancy Centers in Diamond and Enhancement of
their Properties in Nanophotonic Structures

3.1 Introduction and Motivation

Single photon sources are of emerging interest in numerous applications in
which leveraging the quantum nature of light is paramount. Among these are the fields
of quantum information processing and quantum metrology. A few applications in this
domain have achieved considerable commercial success, namely quantum key
distribution (QKD) and quantum random number generation (QRNG). However, other
technologies, such as on-chip quantum networks based on solid-state single photon
sources remain much less developed. The deficiencies of naturally occurring single
photon sources for quantum computing applications include low photon count rates,
short coherence times and lack of a directional emission pattern. Coupling to
nanophotonic structures has the potential to ameliorate many of these deficiencies.” In
the chapter to follow, I give an introduction to the properties and metrology of single-
photon sources, as well as an in-depth survey of the development of various single-
photon sources using a particularly promising material platform: vacancy defect centers

in diamond.
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3.2 Fundamentals of Single Photon Sources and Hanbury-
Brown-Twiss Interferometry to Verify Single Photon Emission

An idealized single-photon source emits photons one-by-one at a periodic
interval. While physical single-photon sources always deviate from these ideal
properties, they do nonetheless exist in a variety of forms including single atoms,
molecules, quantum dots, or artificial atoms, like vacancy centers in diamond.*? In the
idealized case, a periodic optical or electrical excitation source is used to pump the
single emitter, which will in turn emit in phase with the excitation source with negligible
temporal jitter; i.e., a perfectly stable emission lifetime.

There are a few key methods of evaluating how much a practical single-photon
source deviates from the idealized case. The first and most fundamental of these is
degree of second-order coherence, which is a measure of the antibunching property of
the emitted photons, that is, how much the probability of a multiphoton emission event
has been reduced, since for actual single photon sources this probability is always
nonzero. The second-order correlation function of an emitter, g®(t), can be directly
measured by performing a Hanbury-Brown-Twiss (HBT) interferometry experiment, the

configuration of which is shown in Figure 3.1.
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Figure 3.1 Experimental setup for Hanbury-Brown-Twiss interferometry.

Light from a candidate single-photon source is sent through a beam splitter and then to
two avalanche photodiodes (APDs) and photon arrival times are recorded using ps-
resolution timing electronics.

In this type of experiment, light from a potential single-photon source is directed
towards a 50:50 beamsplitter. At each exit port from the beamsplitter is a low-timing-
jitter avalanche photodiode (APD), the output of which is connected to a timing
electronics device with ~10 ps resolution. The timing electronics box records the arrival
times of photons at each of the detectors. To interpret the results and extract the second-
order correlation function of the emitter, the time-series data from the two detectors are

cross correlated and normalized, which yields g?(7). For a single emitter, g2(t) will
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display a dip around t = 0; in the idealized case, g*(7) will dip to a value of zero at T =
0. For real emitters, a value of g2(0) < 0.5 is considered to be within the single-photon
emitter regime, where a typical g2(t) curve for a single emitter (in this case a quantum
dot) is shown in Figure 3.2. g?(7) will usually have an exponential shape on either side
of T = 0 and the width of the dips corresponds to the fluorescence lifetime of the emitter,
assuming that the cross correlation is performed with sufficiently small bin sizes for the

time axis.
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Figure 3.2 Typical second-order correlation function for a single emitter, in this case a
colloidal quantum dot.*

A g?(0) value of 0.17 confirms single photon emission. Fitting exponentials to either side

of the dip yields an approximate emitter lifetime of 7 ns.
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Another key measure of the quality of a single-photon source is the coherence
time / coherence length. For an ideal single-photon source, the emission does not
diphase at all and emitted photons are wholly indistinguishable; quantitatively, this

corresponds to:

215

Tc
where 74 is the emitter’s fluorescence decay time and 7, is the coherence time of the
emitter. Two-photon interference, such as via Hong-Ou-Mandel interferometry, is the
main method for measuring the coherence photons emitted by single-photon sources.
This technique will be described in detail later in the chapter during the discussion to
follow on vacancy centers in diamond and characterization of their properties as

quantum emitters.

3.3 The Nitrogen Vacancy Center in Diamond

The field of diamond photonics can be viewed as having emerged in 1997 with
the discovery of optically detected magnetic resonance (ODMR) at room temperature
from a single diamond negatively charged nitrogen-vacancy (NV) center.3 Shortly
thereafter, photostable single photon generation was observed from NV centers.?5% The
discovery brought hope for realizing solid-state qubits operating in ambient conditions
due to the capabilities of the NV center’s spin to be initialized, manipulated and
monitored optically without the use of cryogenic cooling.?”3 Following these initial

demonstrations of control of the vacancy center’s electronic spin, additional articles
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followed showing manipulation of adjacent N and '*C nuclear spins. Progress has also
been made in scaling to many cooperative qubits via photonic coupling. Additional
applications for the NV center include room-temperature nanoscale magnetometry, bio-

magnetometry, electrometry and decoherence microscopy.*

Figure 3.3 Schematic representation of the crystallographic structure of the NV center
in diamond.*

In terms of its crystallography, the NV center is a diamond point defect with Csv
symmetry and consists of a nitrogen-lattice vacancy pair with a <111> orientation.*! Its
crystallographic structure is shown in Figure 3.1. NV centers can exist as a natural
byproduct of chemical vapor deposition (CVD) synthesis of diamond*? or as a result of
irradiation damage and annealing / ion implantation and annealing* in both bulk
diamond and diamond nanoparticles. A neutral charge state of the nitrogen vacancy
center (N'V?) also exists; however, it has not been shown to demonstrate the same

appealing properties for quantum information applications as the negatively charged
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NV center (NV-). The characteristic spectral properties of these vacancy centers include
optical zero phonon lines (ZPLs) at 637 nm (1.945 eV)* and 575 nm (2.156 eV)*, for the
NV- and NV° centers respectively. Both centers also possess wide phonon sidebands
that are redshifted from the ZPL and in fact comprise the vast majority of the total
fluorescence. A typical emission spectrum of combined fluorescence from both NV° and

NV- centers is shown in Figure 3.2.
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Figure 3.4 Typical fluorescence spectrum from a combination of both NV- and NV?
centers under 532 nm laser illumination.

At cryogenic temperatures, the ZPLs of both vacancy centers become quite sharp.
This fact, along with the well-defined phonon sidebands of the centers indicate that the
optical transitions take place between discrete defect levels deep within the diamond
bandgap and, thus, the continua of valence or conduction band levels are not involved.
Because of these properties, the NV center is known as a deep-level defect in diamond.®

The NV- center possesses a zero-field magnetic resonance at 2.88 GHz, which is a result
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of transitions between the mg = 0 and mg = 1 spin sub-levels of the spin triplet ground
state 3Az. Under cryogenic conditions (T < 10K), the excitation spectrum of the NV- ZPL
exhibits a strong dependence of its fine structure on mechanical strain* and applied
electric fields.*”

A key property of the NV center for applications in quantum information, is that
its ground state spin has a room-temperature single spin coherence time (T2) of ~1.8 ms,
which is the longest for an electronic spin in any solid.* This property facilitates
coupling the ground state spin to neighboring electronic and nuclear spins in a manner
that can be resolved and manipulated.** Implementing the NV- center as a spin qubit
typically follows a common operation scheme with prepare-manipulate and interact-
readout phases.® First, optical spin-polarization is used to prepare the ground state spin
by sending in an off-resonance optical pulse. Next, the spin is manipulated by applying
DC and microwave fields; coupled nuclear spins can similarly be controlled by sending
in radio-frequency fields. A delay time is allowed to pass so that the NV can interact
with other spins and undergo state evolution. Lastly, the device is excited with another
off-resonance optical pulse and the integrated, Stokes-shifted fluorescence is measured,
which serves to read-out the final state of the ground-state spin. A schematic of this form

of device operation is shown in Figure 3.3.
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Figure 3.5 Schematic of typical operation of a quantum circuit based on NV centers in
the prepare-manipulate/interact readout approach.*

The mode of operation described above relies heavily upon the performance of
the optical spin-polarization and readout mechanism, the current understanding of
which is limited and thus hinders device performance. A large range of values (42 — 96
%) for the degree of ground state optical spin polarization are reported in literature.
More thorough characterization of the ground state spin-polarization, including its
dependence on applied fields, strain and temperature, is necessary since this property
determines the preparation fidelity of the qubit.* Significant improvements are also
required for the readout contrast; currently, the difference in signal between the m; = 0
and 1 is a mere fraction of a photon due to low collection efficiencies in current device
architectures. To differentiate the two spin projections, a single qubit operation must be
performed many times to thus accumulate sufficient shot-noise statistics.*> Some
enhancement of the readout contrast has been achieved via hyperfine coupling with N5!

and 3C? nuclear spins. Hopefully, as the optical readout mechanism of the NV center is
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more fully understood, alternative techniques for readout contrast enhancement will

emerge.®

3.4 The Silicon Vacancy Center in Diamond and the Search for
Alternative Vacancy Centers

3.4.1 Limitations of the NV Center and Motivation to ldentify New
Types of Vacancy Centers

The first decades of research into applications of the NV center in quantum
information exposed the multitude of necessary characteristics for a single-photon
source candidate. In quantum communication, high quantum efficiency, high Debye-
Waller factor (i.e. low displacement of lattice atoms due to thermal vibrations), short
emission lifetimes and minimal spectral diffusion. Quantum sensing and computing
applications add additional requirements, such as a spin state that is addressable for
initialization, manipulation and read-out and possessing a coherence of time that is a
few orders of magnitude longer than the time require for fundamental operations on the
qubit’s state.®* The NV center falls short when considering several of these requirements;
for example, its long fluorescence lifetime of ~11 ns and low-brightness ZPL at room
temperature (4% of total emission) limit the maximum achievable photon count rates for
NV centers in quantum photonic devices (that is, without introducing coupling to e.g.
nanophotonic cavities).

Nanophotonic cavities can indeed help to improve the fluorescence lifetime and

engineered, solid immersion lenses can increase the collection efficiency. Nonetheless,
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the motivation remains to identify and characterize additional single photon sources
with more advantageous intrinsic properties. The past few decades of research have
resulted in the discovery of a multitude of additional types of diamond color centers that
maintain the fundamental beneficial traits of diamond as a material, while offering some
advantageous variation in the properties of the particular vacancy center. The emission
wavelengths of these vacancy centers span the majority of the visible and near-infrared
spectral ranges.> Figure 3.4 provides an overview of the emission wavelengths of

various vacancy centers.
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Figure 3.6. Emission bands of various color centers in diamond>

3.4.2 Discovery of the Silicon Vacancy Center and Some
Fundamental Properties

Many of the group IV atoms on the periodic table (in particular Si, Ge, Sn and
Pb) have been found to be capable of producing vacancy centers in diamond. Among
these, the negatively charged silicon vacancy (5iV) was the first to be discovered,

initially studied in the early 1980s> and later more thoroughly investigated in the 1990s
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resulting in the deduction of its electronic level structure and unambiguous
identification as a silicon-related defect.®>% Single SiV defects were first created and
isolated using ion implantation in 2006.” The sharp ZPL comprising a substantial
majority of the vacancy center’s total fluorescence at room temperature, in addition to a
relatively short emission lifetime of ~1 ns was an immediate draw; however, other
properties of the SiV were initially found to be less favorable. In the initial study, low
photon count rates (a few thousand per second) were observed, and a low radiative
quantum yield was deduced (5%).

Neu et al. achieved a significant breakthrough in fabricating single SiV centers in
2011 that rekindled scholarly interest in the vacancy center. Their approach was to grow
single defects contained in nanodiamond particles via microwave-plasma-assisted
chemical vapor deposition (CVD) on an iridium substrate, which resulted in vacancy
centers with a very high brightness of 4.8E6 counts/s at saturation.® Fueled by this
newly discovered technique for growing nanodiamonds containing single SiVs, a flurry
of research into the vacancy center’s followed, producing improved understanding of its
electronic structure, photophysical properties, spin-coherence times, as well as new
schemes for initialization, readout, and coherent preparation of the quantum state of the
defect.

One of the key discoveries during this new burst of research into the SiV is that

the vacancy center possesses a nearly lifetime-limited fluorescence linewidth in both
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nanodiamond particles®®* and a bulk crystalline lattice.®! This is an important property
for applications in quantum information, as it facilitates the fabrication of many,
intrinsically identical emitters that could be used as qubits in a quantum computing
architecture.® The physical explanation for this beneficial aspect of SiV emission is that
the vacancy center possesses group Dsd inversion symmetry with its silicon atom sitting
in a split-vacancy configuration aligned along the <111> crystalline axis, so termed
because the silicon atom is centered in between two empty lattice sites as depicted in the
crystalline structure shown in Figure 3.5(a). This, in turn, screens the vacancy center and
its optical transitions from local variations in the electric field, which would otherwise

have the effect of Stark shifting the emission lines.®
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Figure 3.6 Fundamental structure and optical properties of the SiV in diamond.®

(a) Crystalline structure and (b) electronic structure/optical transitions of the SiV.
Doublets are found both in the ground and excited states due to spin-orbit coupling,
which partially lifts the degeneracy. (c) Example low-temperature emission spectrum
from the four possible optical transitions that comprise the SiV’s ZPL.

3.4.3 Evaluating the Suitability of SiVs for Quantum Information:
Interlude on Hong-Ou-Mandel Interferometry

Mikhail Lukin’s group was the first to demonstrate indistinguishable photons
from different SiVs in their seminal 2014 article, which served to legitimize the SiV as a
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strong candidate for applications in quantum information.®® The primary experimental
results reported in their study were from a Hong-Ou-Mandel (HOM) interference
experiment using two spatially separated SiVs in a single-crystalline diamond sample
cooled to 5K.

HOM interference is the gold standard for testing the indistinguishability of two
single photon sources. The technique relies on the HOM effect, which was discovered in
1987 by the three eponymous physicists at the University of Rochester and occurs when
two identical photons hit a 50:50 beam splitter, one in each input port. When the two
photons have perfect temporal overlap, they will always exit on the same side of the
beam splitter. Equivalently, there is zero probability that the photons will exit separately
from each of the exit ports, resulting in a coincidence event.®* The HOM effect can only
be explained using the particle theory of light and second quantization of quantum
many-body theory and, as such, is an experiment that provides very direct illustration of
quantum optics. Adding to its significance, the HOM effect is employed as an
underlying physical mechanism for logic gates in the linear optical approach to
quantum computing.%

Conducting a HOM experiment involves setting up the two photon sources in

question (in this case, two separate SiVs) in the configuration depicted in Figure 3.6
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Figure 3.7 HOM interferometer utilized in Lukin and coauthors demonstration of
indistinguishable photons from separate SiVs.%

The experiment is allowed to progress for a certain duration of time with photons from
the two sources passing through the beam splitter and two the two detector arms, each
containing an avalanche photodiode (APD). Once the experiment has run to completion,
the time-series count data from the two detectors is correlated and the resultant time
correlation function is plotted. As a result of the HOM effect, when the time delay
between the two correlated signals is very small (a few ps or less), the correlation
function dips in value, ideally to a value of zero at zero time delay. An example
correlation function from a HOM experiment utilizing identical photon pairs generated
via spontaneous parametric down conversion is shown in Figure 3.7. In this case data
are plotted as a function of variable spatial displacement instead of the correlation
function of time-series data, but the operating principle and communicated result are
exactly the same. In this case, a spatial displacement of ~120 pum corresponded to the two

arms of the HOM interferometer having equal length and is thus equivalent to zero time
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delay if the data had been instead plotted as the correlation of time-series data from the

two detector arms.
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Figure 3.8 Example time correlation function resulting from a HOM experiment.®

In this case photon pairs for the experiment are generated via spontaneous parametric
down conversion. The solid grey line is the theoretical prediction and the yellow dots
correspond to experimental data. The peaks where experimental data deviates for theory
are a result of employing a rectangular filter instead of a Gaussian filter like in the
theoretical model.

3.4.4 Evaluating the Suitability of SiVs for Quantum Information:
HOM Interferometry Experiments on SiVs

The diamond sample utilized in the Lukin group’s study consisted of a low-
strain, high-pressure high-temperature <001> diamond substrate with a high-purity,
homoepitaxial layer on top, which was grown using the microwave plasma-assisted
CVD technique that had been shown to be so successful for producing high-quality SiVs

in previous reports. The SiV sites were incorporated into the top layer of the diamond
42



during the growth process by etching a piece of silicon carbide (SiC) with the growth
plasma, an approach that had been shown in a previous article to produce highly
uniform SiVs with minimal inhomogeneous broadening in their emission.*!

To perform their HOM experiment, the authors utilized dichroic mirrors to
spectrally separate the SiV fluorescence into its ZPL (~737 nm) and phonon-side-band
(~760-860 nm). The ZPL had to be then further filtered to isolate a single two-level
transition, as there are in fact four possible ZPL transitions as a result of the electronic
structure of the SiV, which is shown in Figure 3.5(b). To summarize this structure, the
ground and excited states each have the form of a fourfold-degenerate manifold in
which two degenerate orbitals are occupied by a particle with S = 1/2. Each of the
excited state doublets has dipole transitions to the two ground states, which are labeled
A, B, C, and D in the electronic energy diagram. These four dipole transitions are
identifiable in the PL spectrum of single SiVs at single-Kelvin temperatures; an example
PL spectrum showing the resultant four distinct peaks from a single SiV identified by
the authors is shown in Figure 3.5(c).

For the HOM experiment, Lukin’s group uses solid etalons to bandpass filter
exclusively transition C, such that only a single fluorescence peak is transmitted, as is
desired for indistinguishable photon generation. Some inhomogeneous broadening is
nonetheless present among different vacancy centers on the sample, so the authors

needed to select two SiVs with a very high degree of spectral overlap. The resultant
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second-order intensity correlation function from a HOM experiment from two suitable

selected SiVs is shown in Figure 3.8.

g%(7)

7 (ns)
Figure 3.9 Hong-Ou-Mandel Interferometry with SiVs in diamond.*
Second-order intensity correlation functions for interference of two distinct SiVs when
polarized parallel to one another (pink data) and orthogonally to one another (green

data).The solid lines correspond calculated/predicted results.

Here the authors varied the relative polarizations of light from the two SiVs to
switch between distinguishable and indistinguishable photon states. The authors also
developed a theoretical model to plot predicted correlation functions for the two
different relative polarizations, taking into account a variety of other independently
measured optical parameters for the two vacancy centers. Their model agrees perfectly

with experimental data when accounting for shot noise. Finally, the authors calculate a
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HOM visibility (a measure of the contrast between the distinguishable and

indistinguishable states) using the two data sets of:

95(0)

n=— 072 +0.05
gE(0) + g2(0)

Upon comparing this result to prior reports on NV centers, the authors conclude that the
SiVs measured have shown a superior degree of indistinguishability/optical coherence.
This fact elucidates a significant potential advantage of SiVs in terms of single photon

generation for quantum information / quantum optical applications.

3.5 Emerging Vacancy Centers in Diamond: The SiV° and
Additional Group IV Vacancy Centers

While the negatively charged silicon vacancy center has many beneficial
properties, it is not without drawbacks, such as a short spin coherence time even at
cryogenic temperatures and a low intrinsic quantum efficiency.®”%® Many researchers
suspected that other group IV elements would be capable of forming vacancy centers in
diamond with the same symmetry/bi-vacancy configuration and perhaps one of these
elements might form a vacancy with largely advantageous optical properties for
quantum information and limited drawbacks. The last decade has seen the discovery of
Ge, Sb and Pb vacancy centers (ordered chronologically by discovery date).

These novel group IV vacancy centers were found to share some advantageous
properties in common with the SiV, such as a narrow linewidth and low Debye-Waller

factor. However, some key differences are expected as well, such as larger splitting in
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the ground state due to a higher atomic mass, which would result in less spin mixing
and higher allowable qubit operation temperatures.> Furthermore, the emission
wavelength of group IV vacancy centers blueshifts as one moves down the group IV
column of the periodic table. The calculated energy levels of each of the known,
negatively charged group IV vacancy centers is shown in Figure 3.9. Lastly, greater
control over vacancy center doping is expected, since silicon, unlike the other group IV

elements, is a common contaminant in CVD chambers used to grow diamond.
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Figure 3.10 Calculated energy levels of the ground state (GS) and excited state (ES) of
the negative charge state, group IV vacancy centers in diamond.>

The narrow linewidth, in particular, is a key property shared among all group IV
vacancy centers due to their common di-vacancy symmetry that screens against local
electric fields and has critical consequences for the quantum information potential of
these vacancy centers. In particular, this characteristic leads to much greater
indistinguishability of emitted photons from various vacancy centers across the device

and thus results in higher fidelity of quantum operations in e.g. a linear-optical quantum
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computing scheme, such as projective Bell-state measurements.>® The low Debye-Waller
factor of the group IV vacancy centers is also of substantial importance as it leads to the
common trait of high-probability emission into the ZPL, with much smaller phonon side
bands than the NV center. The quantum information consequences of this property are
straightforward, as only coherent light from the ZPL can be utilized in quantum
circuits.>

This overview of key vacancy centers in diamond would be incomplete without
mentioning the neutrally charged silicon vacancy center (SiV?), which has recently been
discovered and characterized. The SiV° possesses several advantages for quantum
information applications, as it has both a long electron-spin-coherence time and 90% of
its PL is emitted into its nearly transform-limited ZPL at 946 nm. A significant
engineering challenge for this vacancy center, however, has been reliably and
controllably producing the neutral charge state and the feasibility of controllably
producing single SiV° defects is still an open question.

The search for novel vacancy centers and additional fundamental and device
engineering studies are still ongoing in the field of optical engineering of defect centers
in diamond. While this chapter has given an overview of the current state of the field
and the advantages and disadvantages of each vacancy as they are currently
understood, this area of research is rapidly evolving and new discoveries could

completely alter the landscape of vacancy center research, as well as the overall outlook
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of vacancy centers in diamond as candidates for components in quantum computers or

quantum communication channels.

3.6 Purcell Enhancement of Diamond Vacancy Centers and
Other Spontaneous Emitters Embedded in Nanophotonic
Structures

Single emitters are often limited in their applications by poor intrinsic properties,
including long emission lifetimes, low quantum yield and nondirectional emission. A
powerful approach for enhancing the properties of spontaneous emitters is to utilize the
Purcell effect by embedding the emitter in a resonant micro- or nano-cavity leading to an
increase in the optical density of states and, therefore, the spontaneous emission rate.

The optical density of states and the spontaneous emission rate are linked by

Fermi’s golden rule:
2
ysp X |p| Po (1)
Purcell enhancement of the optical density of states and thus the emission rate is

quantified by the Purcell factor, F,, which is proportional to:

1 3
E, ocwocys—o”oc(—) 2(2)
Po Ysp n/ v

where pq,, is the optical density of states of the emitter in a cavity, py, is the
optical density of states of the emitter in free space, s is the spontaneous emission rate
of the emitter in a cavity, ys% is the spontaneous emitter in free space, 4 is the emission

wavelength, n is number of emitters, Q is the cavity quality factor, and V' is the cavity
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mode volume.? From this equation, it is apparent that there are two possible means of
achieving large Purcell factors: creating a cavity with a high quality factor, which is a
measure of the number of oscillations that can occur in the cavity before damping takes
over, or creating one with a small mode volume. Thus, most of the approaches for
performing Purcell enhancement of embedded emitters can be grouped by whether the
goal is to optimize the cavity quality factor or the mode volume.

One recent notable approach utilizing a high-Q cavity is the work of
Ramachandrarao et al. on embedding a quantum dot in a composite photonic crystal
cavity composed of an optical nanofiber and a nanofabricated grating. The emission rate
enhancement for individual quantum dots is modest (Purcell factor of 7); however,
outcoupling the emission to a nanofiber is favorable for quantum network applications.®

A high cavity quality factor is also leveraged in the work of Jeantet et al. on
embedding a carbon nanotube in a microcavity at low temperature. They are able to take
advantage of the cavity feeding effect on the phonon sidebands of the emission and lock
the nanotube emission at the cavity resonance wavelength.** As a result, the single
photon character of the emission was maintained through tuning of the cavity resonance
over a 4 THz band. This points towards the feasibility of carbon-based, tunable single
photon sources at telecom wavelengths.

A successful approach using a low volume cavity is coupling a quantum dot to a

dielectric nanowire, as demonstrated by Kolchin et al. Using atomic force microscope
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(AFM) manipulation, they are able to optimally position a single CdSe/ZnS quantum dot
to obtain a Purcell factor of 31 and couple 80% of the emission into a strongly confined
waveguide mode in a nanowire.?> Additionally, the emission dynamics of the quantum
dot are favorably modified in terms of increased brightness and strong suppression of
blinking and optical saturation. The all-dielectric nature of their system makes it
favorable for integration with CMOS components; however, positioning with an emitter
with an AFM tip is not an easily scalable approach.

The nanopatch antenna has also been utilized to demonstrate significant Purcell
enhancement of embedded emitters as a result of an ultrasmall cavity mode volume.
Rubidium dye was integrated into the NPA gap layer; the cube size and gap thickness
were chosen to match the cavity scattering resonance with dye PL. This yielded a
record-high Purcell factor of ~2000." The Purcell-enhanced emitter furthermore
maintains a high quantum efficiency of upwards of 50% and directional emission, which
enables an 84% collection efficiency with a 0.9 NA objective.

Single photon emission has also been dramatically enhanced with NPAs.
CdSe/ZnS quantum dots were deposited in the NPA gap, again with the antenna
resonance tailored to match with the PL from the quantum dots. The result was a 540-
fold enhancement in the quantum dot emission rate, which was limited by the

instrument response function of the single photon detectors that were used.*
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Furthermore, the emission brightness increases by a factor of 1900 with a high radiative
quantum yield of 50%.

Like other systems that have been reviewed, Purcell enhancement with the NPA
does not allow for deterministic coupling to individual emitters, but, rather, relies on
stochastic coupling during the metasurface self-assembly process. The present research
on NPA metasurfaces fabricated by EBL will allow for deterministic coupling, while
retaining the unique potential of the NPA for large Purcell enhancement.

Additionally, applications of colloidal quantum dots are limited because of their
susceptibility to photobleaching and degradation over time. In contrast, nitrogen-
vacancy (NV) and silicon-vacancy (SiV) centers, which are the focus of this study, have
excellent photostability and long coherence times. These color centers occur when a
nitrogen or silicon atom, respectively, substitute into the diamond’s carbon lattice and
leave an adjacent vacancy site. Single photon emission from these color centers occurs at
their zero-phonon line (ZPL) wavelength, which are 575 nm for NV?, 637 nm for NV-
and 737 nm for SiV-.%7:3

A large research community has formed around characterizing and enhancing
single photon emission from diamond. A notable recent work is the Loncar group’s
demonstration of enhanced single photon emission from single NV centers using
ordered arrays of plasmonic apertures.® Their fabrication technique relies on defining

the pillar-array pattern using EBL and transferring it into diamond using oxygen-based
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reactive ion etching (RIE). Silver is then evaporated on top of the patterned diamond,
yielding the diamond pillars encapsulated in a plasmonic cavity. One of the strengths of
their technique is that it allows for parallel fabrication of large numbers of embedded
NV centers. Their samples contain hundreds of diamond pillars and their procedure has
a >10% yield of single-center devices, indicating a strong potential for scalability.

Riedrich-Moller et al. present an approach to Purcell enhancement of diamond
that relies on a high cavity quality factor. They develop a unique focused-ion-beam-
based system to create photonic crystal cavities in single crystal diamond that enables
low-damage fabrication of thin, free-standing membranes.* Their technique yields one-
and two-dimensional photonic crystals with quality factors of up to 700 in diamond.
During post-processing etching, they tune the cavity modes into resonance with the SiV
ZPL giving a fluorescence intensity enhancement factor of 2.8. Their work is an
important step in improving precision structuring of thin diamond films, which may be
essential components of eventual quantum networks.

The larger footprint of diamond-based single photon sources presents a
challenge for their integration with NPAs, as a gap thickness of <20 nm is required to
obtain a film-coupled mode. As will be discussed, my approach for integration into
plasmonic nanogap cavities is to etch diamond slabs containing silicon vacancies (SiVs)
to ~10 nm thickness. At these miniscule sizes, one must contend with surface effects in

the color centers, which are detrimental to diamond single photon emission.
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Nonetheless, the upside of this research is significant as combining these color centers
with NPAs could lead to fast, efficient and robust single photon sources for applications

in quantum information.
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4. EBL Fabrication of Plasmonic Nanogap Cavities with
Single- and Dual-Band Resonances in the Near-Infrared

The work in Chapter 4 was co-authored with fellow graduate student Qixin Shen
and visiting student Guoce Yang. Dr. Shen and I worked collaboratively to fabricate the
samples, characterize them via SEM and measure their optical properties. Dr. Yang

performed the COMSOL simulations presented in the last figure.

4.1 Introduction

Plasmonic nanogap cavities were initially fabricated exclusively via dropcasting
or spincoating colloidal nanoparticles.®33% This approach has several advantages,
including the ability to easily and rapidly fabricate metasurfaces over centimeter-scale
areas; however, it is limited by the range of nanoparticle shapes and sizes that can be
readily synthesized. By contrast, fabrication using electron beam lithography (EBL)
would enable much greater freedom over the choice of nanoparticle size/shape. Here I
utilized EBL to fabricate nano-disks, -cubes and -rectangles with a range of sizes and fill
fractions to demonstrate near-perfect absorption on resonance with performance
comparable to that of colloidal nanogap metasurfaces. Furthermore, metasurfaces
fabricated with nanorectangles demonstrate dual-band, polarization-metasurfaces with

spectral separations of up to 500 nm.
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4.2 Sample Design and Fabrication

The geometry of the sample consists of arrays of nanoparticles on a Au substrate
separated by a thin dielectric layer (7 nm of Al:Os) and is shown in Figure la-c. This
structure results in film-coupled cavity mode with a resonant wavelength that is
determined by the nanoparticle dimensions and thickness/effective index of the dielectric
layer. The charge distribution in the fundamental mode results in a current loop between
the gold structures and gold substrate, thus inducing a strongly enhanced magnetic field.
This enables the surface to be impedance matched to free space resulting in near-perfect
absorption of light.276%70

To fabricate the EBL metausrfaces, 5 nm Cr followed by 75 nm of Au is first
deposited onto a silicon substrate by electron beam evaporation. Then the dielectric gap
layer is grown via followed by atomic layer deposition (ALD). EBL is then used to pattern
arrays of absorbing elements on top of the dielectric layer. The size of the elements are
characterized via scanning electron microscopy (SEM), while the thickness of the
dielectric layer is determined by the deposition rate of the ALD and verified using

ellipsometry measurements.
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4.3 Absorption Characteristics of EBL-Fabricated Nanodisks and
Nanocubes
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Figure 4.1: Single-Resonance, EBL Fabricated Nanogap Cavities

(a) Structure of the sample: patterned gold elements (height 30 nm) separated from a gold
ground plane by 7 nm of Al2Os. The sample has four distinct sections: I. cubes of different
sizes with a fixed fill fraction of ~25%; II. Disks of different sizes with a fixed fill fraction
of ~25%; III. Disks with various fill fractions; IV. Rectangles with various ratios of width
and length. Nine, twelve or sixteen elements are shown for clarity; however, the actual
size of one array is 100 pm x 100 um and contains over ten thousand elements. (b) SEM
images of 93 nm EBL-fabricated disks. (c) SEM images of 160 nm EBL-fabricated cubes.
(scale bar is 500 nm) (d) Reflection spectra of EBL-fabricated cubes and disks of various
sizes. (e) Reflection spectra of colloidally-synthesized silver nanocubes of different sizes.
(f) Comparison of the full-width at half-maximum (FWHM) between EBL-fabricated
disks, cubes and colloidal silver nanocubes.
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First, I study structures with a single fundamental resonance, including disks and
cubes fabricated using both EBL and colloidal synthesis, before examining dual-band
rectangular absorbers. To evaluate the performance of EBL-fabricated nanogap absorbers,
reflection spectra were measured from film-coupled gold disks and cubes using a white
light source at nearly normal incidence as shown in Figure 1d (additional spectra in SI
Figure 1). The resonance wavelength is tuned from the visible to the near-infrared by
varying the size of the absorbing elements, thus changing the volume of the cavity. With
a surface coverage density of approximately 25%, an absorption of 80% or greater can be
achieved on resonance for eight different sizes. EBL-fabricated disks are observed to have
higher peak absorption compared to EBL-fabricated cubes.

Previous literature shows that metasurfaces based on colloidal nanocubes show
near-perfect absorption with a similar nanogap structure.?”*>’° However, to this point, it
remained unclear whether similar performance could be obtained with EBL-fabricated
nanoparticles, which are not limited by the variety of sizes and shapes that can be
synthesized. To compare the performance of the EBL-fabricated, film-coupled
nanoparticles with colloidal nanoparticles, metasurfaces of colloidal silver nanocubes
were produced using a similar 7 nm ALQOslayer on a gold ground plane. The colloidal

nanocube metasurfaces were fabricated by first dip-coating a single polymer adhesion
layer onto the same substrate used for EBL - consisting of 7 nm Al>O3 on gold. Nanocubes
in water were then dropcast onto the sample using a 10 mm coverslip and a deposition time

of 1 hour.
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Figure le shows reflection spectra of these metasurfaces for nanocubes with side
lengths from 65 to 120 nm. In these experiments, for the same resonance wavelength, EBL-
fabricated nanoparticles typically have higher peak absorption than colloidal nanocubes
which is most likely due to higher fill fractions and better size uniformity. In addition, the
full-width at half-maximum (FWHM) are extracted from the spectra for both the colloidal
nanocubes and the EBL-fabricated particles and are shown as a function of resonance
wavelength in Figure 1f. The bandwidth of EBL-fabricated and colloidal samples is
comparable at similar resonance wavelengths demonstrating that the resultant plasmonic

cavities have similar quality factors.
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4.4 Dependence of Absorption Properties on Fill Fraction of the

Nanodisk Metasurface
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Figure 4.2: Effect of Varying the Fill Fraction on the Absorption Resonance of EBL
Nanogap Metasurfaces

(a) Reflection spectra from disks with various fill fractions, which show that the FWHM
of the spectra are sensitive to the density of gold disks. The fill fraction ranges from 9% to
35%. (b) SEM images of the disk arrays in (a) in order of increasing fill fraction. (c)
Experimental contour plot of reflection spectra with variable fill fraction. For clarity,
interpolation is used between data points. (d) Simulated reflection spectra using the same
dimensions as (c) for comparison, showing good agreement with experiments.

To control the peak absorption and the width of the plasmon resonance, critical to

e.g. photovoltaics’ and photoluminescence enhancement,”® I fabricated arrays of 100 nm
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nanodisks with variable pitch and, thus, different fill fractions of absorbing elements on
the surface. The reflection spectra for each of these arrays are shown in Figure 2a and the
corresponding SEM images are shown in Figure 2b. As the fill fraction is increased
incrementally from 9% to 35%, the FWHM of the plasmon resonance grows from 80 nm
to 122 nm. Additionally, the resonance wavelength redshifts with increasing fill fraction,
particularly for the highest fill fraction of 35%. The simulations shown in Figure 2d are
found to be consistent with experiments for fill fractions below 26%. However, at the
highest fill fraction, a significant redshift in the resonance wavelength is observed which
may be explained by near-field coupling between neighboring elements that, in turn,

delocalizes the plasmon mode.”
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4.5 Absorption Properties Dual-Band, Polarization Sensitive
Metasurfaces
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Figure 4.3: Polarization-Dependent Absorption Properties of EBL Nanorectangle
Metasurface

(a) Reflection spectra from rectangle absorbers with varying white light polarization angle
from transverse electric (TE) configuration to transverse magnetic (TM) configuration.
The width of rectangular absorbers is 110 nm, while the length ranges from 150 nm to 170
nm. The inset shows the TE configuration and TM configuration when white light is
incident on the sample. (b) Reflection spectra from the rectangle absorbers shown in (a)
when the incident white light polarization is 50°. (c): Resonance wavelength of rectangular
absorbers as a function of rectangle length from 140 nm to 200 nm. The transverse mode
associated with the 110 nm width dimension is at approximately 1000 nm, while the
longitudinal mode can be tailored from 1118 nm to 1527 nm.

Next, to realize nanostructures with two resonances that can be tuned

independently of each other, I studied arrays of rectangular elements. Two resonances

arise in this structure: one each associated with the length and width dimensions of the
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rectangle respectively and are excited to varying degrees depending on the polarization
of incident light. The transverse electric (TE) configuration occurs when the incident
polarization is along the length, while the transverse magnetic (TM) configuration occurs
when the incident polarization is along the width. As the polarization of incident light is
swept from along the length dimension to along the width, the coupling of the incident
light to the two modes varies resulting in a reduction in the amplitude of the longitudinal
mode and an increase in the amplitude of the transverse mode, which reaches a maximum
when the polarization is in the TM configuration. For the 110 nm width and 150 nm length
rectangles, shown in Figure 3a, this tuning corresponds to a gradual shift in the resonant
wavelength from 982 nm to 1172 nm. Additionally, rectangles with 160 nm and 170 nm
length were investigated to further examine tailored double resonances on a single
element; their polarization-dependent absorption properties are also shown in Figure 3a.
When the incident polarization is near 45°, there is significant absorption into both the TE
and TM modes. This can be seen in the absorption spectra for the 150, 160 and 170 nm by

110 nm rectangles with 50° incident polarization shown in Figure 3b.
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4.6 Benefits of Dual-Band Absorbers for Purcell Enhancement
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Figure 4.4: Simulations to Demonstrate Mode Overlap in EBL Rectangle Nanocavities

(a-c) Spatial distribution of electric field enhancement in the gap of a film coupled, 110 x
160 nm rectangular nanoantenna. (a) Transverse gap plasmon mode excited by TM
polarized light at the resonant wavelength of 990 nm; (b) Longitudinal gap plasmon mode
excited by TE polarized light at the resonant wavelength of 1250 nm; (c) The product of
the electric field enhancements in (a) and (b); local maxima indicate regions where the two
gap plasmon modes are strongly spatially overlapped. (d-e) Spatial distribution of

. . 0 .. 0
excitation rate enhancement y, /y,,, spontaneous emission rate enhancement Vso / Vspr

quantum yield QY , total fluorescence enhancement EF for (d) 110 x 160 nm
nanorectangle, (e) 110 nm nanocube and (f) 160 nm nanocube.
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To demonstrate that the transverse and longitudinal modes in rectangular
absorbing elements can be utilized simultaneously, the electric field distribution is
calculated using full-wave simulations based on the finite-element method (COMSOL
Multiphysics) at the resonance wavelengths of both the transverse and longitudinal
modes for 110 x 160 nm rectangles. For the resonance wavelengths of the both modes, the
electric field shows large, over 45-fold, enhancement along the two sides of the rectangle
that are perpendicular to the incident polarization, as seen in Figure 4a,b. In addition to
demonstrating two resonance modes with spectral separation controlled by the difference
between the rectangle’s width and length, it is further shown that the enhanced electric
fields from these two resonance modes possess good spatial overlap. To further illustrate
this spatial overlap, the spatial distribution of the field enhancement is shown in Figure
4c for 990 nm and 1250 nm light impinging on the nanorectangle, which matches the two
resonant wavelengths. This spatial distribution is calculated by multiplying the field
enhancements from Figures 4a and b. The field enhancements could be even greater by

utilizing a thinner dielectric layer than the 7 nm of Al2Os used here.

The enhanced electric field at two wavelengths with good spatial overlap are
promising for optical processes involving multiple wavelengths. Fluorescent emission is
selected as an example to illustrate the advantage of these dual resonances; however, other
processes like harmonic generation and four wave mixing could also benefit. Specifically,

it is assumed that a dipole emitter, such as a PbS quantum dot, with an emission
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wavelength of 1250 nm is placed in the nanogap and excited by 990 nm light with
polarization perpendicular to the nanorectangle’s width. It is shown in Figure 4d that the

total fluorescence enhancement factor EF and spontaneous emission rate enhancement
Ysp / }/Sop achieve large enhancements compared with an emitter placed on glass as a

control. The simulated dependence of this enhancement on the emitter position is
obtained by sequentially placing a single dipole emitter on a discrete 41 x 41 grid in the
nanogap underneath the nanorectangle. The emission rate enhancement can be attributed
to the increased local density of states due to the presence of the longitudinal mode
centered at the emission wavelength. While the total fluorescence enhancement factor
EF is a consequence of both transverse mode and longitudinal mode, which is defined

as

eF = QY )
M 7eQY

where 77 is the collection efficiency, y,, is the excitation rate, QY is the quantum yield

and the superscript “0” refers to the emitter on glass. The transverse mode at 990 nm
causes the excitation rate enhancement distribution depicted, while the longitudinal mode
at 1250 nm enhances the photon out-coupling channel and thus results in the spontaneous
emission rate enhancement and quantum yield enhancement distribution shown. The
final EF pattern can be regarded as the result of the spatial overlap of the two modes

according to Eq. (1), similar to the product of the electric field distributions shown in
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Figure 4c. Thus, the total fluorescence intensity and spontaneous emission rate can be

enhanced simultaneously with dual-band resonances in a single nanoparticle.

In order to compare the performance to singly resonant nanoparticles, simulations
are also performed using the same method for 110 nm and 160 nm nanocubes. In those
cases, either the total fluorescence or the spontaneous emission rate obtains large
enhancement depending on whether the resonance of the nanocube is overlapped with
the excitation or the emission wavelength. However, simultaneous enhancement cannot

be achieved without the presence of dual-band resonances.

4.7 Conclusion

The metasurfaces expounded upon above operate in the visible and near-IR and
possess resonances that are spectrally separated while spatially overlapped, which could
provide critical advantages for multiplexed sensors and detectors, as well as processes like
stimulated Raman scattering, entangled photon generation and multiphoton absorption. For
the nanocubes, particles fabricated using both colloidal nanoparticles and EBL and
displayed similar absorption performance. This shows the promise for combined bottom-
up and top-down fabrication, as ALD enables single-nanometer control of the critical
vertical gap dimension, while EBL allows for a wide variety of sizes and shapes of
nanoparticles as well as deterministic element placement. This platform also opens up
possibilities to tailor the radiation pattern, mix different sizes and shapes of nanoparticles

and create integrated waveguides.
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5. Actively Tunable Nanogap Cavity Metasurfaces Via
Integrated VO2 Thin Films

The results presented in Chapter 5 were co-authored with fellow graduate
student Jon Stewart. Dr. Stewart performed ellipsometry measurements on the sample,
created the model for COMSOL simulations, and assisted on fabrication and
measurement of earlier sample iterations. I fabricated the published samples,
characterized them via SEM, measured their optical properties and analyzed the

experimental data.

5.1 Introduction

Integration of active materials into nanophotonic structures provides a means of
tuning optical properties in real-time and is promising for a new generation of multi-
functional, nanoscale optoelectronic devices. Active metasurfaces have been
demonstrated using a wide range of mechanisms, including electrical modulation,?73-77
polarization of incident light,”® mechanical strain,”* hydrogen gas flow,% UV
exposure,?® femtosecond laser pulses®#> and heating.?! While there have been several
demonstrations of robust tuning at mid-IR and longer wavelengths,”>”7°! active
metasurfaces in the visible and near-IR have generally been limited by tuning
mechanisms that are not well-suited for practical devices, for reasons such as lack of
reversibility or degradation of switching over multiple cycles.?$?7°% One option for
overcoming these limitations is employing the phase-change material vanadium dioxide

(VO2), which is capable of robust switching via heating above 68°C. At this temperature,
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VO: undergoes a first-order, crystalline phase transition with an concomitant change in
its refractive index, a process that is fully reversible by cooling below the transition
temperature.” It has also been reported that this phase change can be induced by
applying moderate voltages resulting in a less than 2 ns response time* and, thus,
increasing the promise of VO: for integration into practical, active metasurface devices.

Previously, VO:has been used to create active metasurfaces over a large gamut
of the electromagnetic spectrum®021%5-%7, typically with bulk materials or sputtered
films with thicknesses of 50-150 nm®-1% or more rarely by utilizing a lattice-matched
substrate to grow of thinner films.'™* However, integrating nanometer-scale films of VO
with a nanophotonic structure on non-lattice-matched substrates has remained an
outstanding challenge, yet offers the promise for robust, deeply subwavelength active
optoelectronic devices to enable e.g. nanoscale optical memories and holograms, as well
as dynamic control of quantum emitters. Furthermore, conventional techniques to
deposit VO: thin films, such as pulsed laser deposition (PLD), are non-conformal, only
uniform over small areas, and are incompatible with many materials. ALD provides a
promising, alternative deposition technique to enable highly uniform films over wafer-
scale areas, conformal coating of three-dimensional or flexible structures, as well as
integration of dissimilar materials that can be deposited with abrupt interfaces. Lastly,
the resultant ultrathin layers allow heat to be removed faster, which would enable

devices with a faster thermal response.
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Figure 5.1: Actively Tunable Nanogap Cavity Metasurface Concept

(a) Schematic of sample structure consisting of Au nanodisks (height = 30 nm) separated
from an Au ground plane by 9 nm of VO.. (b) Illustration of phase transition of VO.. Upon
heating to ~68°C, the crystal structure shifts from monoclinic to rutile leading to a
corresponding change in its refractive index. (c) Ellipsometry-measured real and
imaginary components of the refractive index of a 9 nm VO: film on Au at room
temperature and after heating to 80°C. This data is plotted in terms of the real and
imaginary components of ¢ in Supporting Information Figure S1.

5.2 Device Concept

Here I demonstrate reversible tuning of near-IR absorption resonances from active
plasmonic metasurfaces via the insulator-to-metal phase transition of a 9 nm VO: film
grown by ALD. The tunable metasurfaces are comprised of arrays of plasmonic nanodisks
on top of the VO2 and Au films, where a single nanocavity is shown in Figure 5a. The
parallel metallic interfaces in Figure 5a form a planar cavity between the two Au surfaces

separated by the VO: film, which supports a gap-mode surface plasmon and operates
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according to the same physics as the metasurfaces expounded upon in the previous
chapter.

The resonances are statically controlled by varying the nanoparticle diameter and
dynamically controlled via refractive index tuning of the VO: layer. Upon heating to
~68°C, VO: undergoes a phase transition which alters its crystalline structure from
monoclinic to rutile, as depicted in Figure 5b. In its monoclinic phase, VO is transparent
and insulating in the IR and possesses a bandgap of 0.7 eV.1%> When transitioned to its
tetragonal phase, VO:’'s bandgap closes resulting in lossy metallic behavior i.e. a metallic
phase. Beyond a purely electronic transition, this insulator-to-metal transition possesses
an accompanying change in the real and imaginary components of VO:’s refractive index.
Figure 5c depicts the refractive index change for a 9 nm film grown on Au and measured
by ellipsometry at 24°C and 80°C for wavelengths spanning from 400-2400 nm. Spectrally,
the largest refractive index change of -0.17 occurs at 640 nm for the real component and
0.12 at 1660 nm for the imaginary component. In the monoclinic phase, the VO: film
exhibits normal dispersion for wavelengths longer than 500 nm indicative of the
insulating/dielectric state. When in the tetragonal phase at 80°C, the refractive index
displays anomalous dispersion at wavelengths longer than 1000 nm indicative of metallic
behavior. As such, the refractive index change in Figure 5c distinctly shows the insulator-
to-metal transition induced upon heating. Although the real component of the

permittivity of the VO: film is expected to go below zero around the plasma frequency,
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and this has been demonstrated previously for VO: films fabricated in a similar manner,%
this behavior is not observed in the present samples and can likely be explained by the

ultrathin nature of the VO film and the underlying non-lattice-matched gold substrate.

5.3. Fabrication Process

Fabrication of the structure began with growing the VO: on a Au film via ALD
according to a process that has been extensively characterized previously and been shown
to produce thin films capable of undergoing a phase change!”-'® In detail, a 75 nm Au
film was deposited by electron-beam evaporation with a 2 A/s deposition rate onto a 5 nm
Ti adhesion layer on a sapphire substrate. Next, 9 nm amorphous VO: films were
deposited by atomic layer deposition (ALD) on the Au films in a Veeco Savannah 200
reactor at 150°C using tetrakis(ethylmethayl)amido vanadium (TEMAV) and ozone (Os)
precursors. Due to the inert nature of the underlying substrate, ten sequential cycles of
ozone were used as an in-situ pretreatment to ensure the substrate surface was
supersaturated with hydroxyl groups essential for the nucleation of VO: films. For these
particular films, the pulse/purge times for TEMAV and Os were 0.03/30 s and 0.075/30 s,
respectively. Additional details regarding the deposition of these films can be found in a
recent paper by Kozen et al.!”” Due to poor lattice matching conditions between the VO:
and Au films, the ALD VO: films were amorphous and did not exhibit fully reversible
behavior. Post-annealing the films formed a poly-crystalline VO: film which exhibited full

reversibility and withstood repeated cycling; this was carried out in a custom ultra-high
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vacuum (UHV) chamber at 400°C for 1 hr. Anneals were conducted under an ultra-high
pressure (UHP) Oz environment (3x10- torr) to assure the correct stoichiometry of the

films was maintained as they crystallized.
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Figure 5.2: XPS Spectra to Characterize VO: Film

(a) Survey XPS spectrum of the VO thin film on a gold substrate. (b) Higher resolution
XPS spectrum of the same sample resolving the various V2 peaks

X-ray photoelectron spectroscopy (XPS) characterization of the annealed VO: films
was performed (shown in Figure 7) and revealed V* and V* peaks with full-widths at
half-maximum (FWHM) of around 1.6-1.7 eV, indicating that the film has a fairly high
degree of crystallinity as amorphous films typically have widths around 2-3 eV due to
slight variations in bonding strengths. While the V* peak is indicative of a VO: film, the
V* peak is the result of some undesired contamination, likely in the form of a hydroxyl
group or V-O-C bonding in addition to the V205 stoichiometry. However, previous studies
have determined that the thickness of this contaminated layer is no more than 1 nm and
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results from the subsequent fabrication steps being performed in atmospheric

conditions.108

Figure 5.3: SEM Image Revealing Pinholes in the VO: Film

SEM images of the VO: film (shown in Figure 7) reveal the presence of pinholes
that likely have the effect of reducing the amount of switching that can be achieved.
However, such defects are common for depositions on a non-lattice-matched and
polycrystalline substrate. ALD growth of the VO2 film, annealing and XPS measurements
were performed by the research group of my collaborator Dr. Virginia Wheeler at the US

Naval Research Laboratory.
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Figure 5.4: Fabrication Overview and Initial Characterization of Actively Tunable
Metasurfaces with Integrated VO:

(a) Fabrication process for transferring EBL-fabricated gold nanodisks onto the VO: film.
(b) SEM images of gold nanodisks for a few of the fabricated sizes. (c) Simulated electric
(left) and magnetic (right) field profiles at 24°C and 80°C for the nanogap cavity structure
with 192 nm gold nanodisks. An incident plane wave with wavelength matching the
room-temperature resonance of the nanocavity at 1495 nm is utilized. (d) Room-
temperature reflectance spectra for metasurfaces consisting of eight different sizes of
nanodisks where additional spectra are shown in SI Figure S4.

The VO: films were embedded into plasmonic nanocavities by transferring Au
nanodisks on top of them. The Au nanodisks were fabricated using EBL on a Si substrate.
Due to the weak adhesion of Au to the Si substrate, the Au nanodisks could be exfoliated
from the Si wafer after removing the native S5iO2 and deposited onto the VO: film using a

PDMS stamp as shown in Figure 6a. This technique was utilized due to the sensitivity of

VO: to electron-beam exposures and subsequent development processes. In detail, a
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PDMS stamp was placed on top of the nanodisk arrays on silicon and the sample was
baked at 100°C for 30 minutes. A potassium hydroxide (KOH) solution was used to etch
the thin silicon dioxide (5iO2) layer on the silicon substrate for two hours. This results in
the Au nanodisks debonding from the silicon substrate and attaching to the PDMS stamp,
which was then placed on a glass slide and stored in vacuum to dry overnight. Lastly,
with the Au nanodisks face-down, the PDMS stamp was pressed onto the VO: film and
baked at 120°C for 4 minutes. The sample was placed in vacuum for two days and then
baked at 120°C for 4 minutes before removing the stamp

In all, thirteen metasurfaces were fabricated by varying the diameter of the
nanodisks (from 88 nm to 329 nm), where SEM images of representative metasurfaces are
shown in Figure 6b. FDTD simulations confirm that nanocavities possess a large effective
electric and magnetic response on resonance as shown in Figure 6¢, which is strongly

localized in the VO: film below the disks.
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Figure 5.5: Room-Temperature Reflection Spectra For Additional Sizes of Nanodisks
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5.4 Thermal Switching Properties of Nanodisk Metasurfaces with
Variable Resonance Wavelengths in the NIR
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Figure 5.5: Thermal Switching Data from VO: Metasurface and Control AlOs
Metasurface

(a) Thermal switching spectra for metasurfaces consisting of 88, 150, 221, 256 and 329 nm
diameter Au nanodisks. Spectra for the remaining sizes are shown in SI Figure S5 (b)
Switching spectra from a control sample with a gap consisting of 9 nm of Al:Os for the
same size nanodisks as in (a). (c) Comparison of the amount of switching observed
experimentally for both the control sample (9 nm Al:Os gap) and the VO2 thermal
switching sample (9 nm VO: gap). The grey dashed line at 0 nm of switching is intended
to guide the reader’s eye.

Due to the spectrally dependent variations in the insulator-to-metal transition,
thirteen spectrally distinct metasurfaces were used to assess the dispersion of the active

tuning. The resonant wavelengths for these absorbing metasurfaces range from ~900 nm
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to 2100 nm, and span above and below the anomalous dispersion of the tetragonal VO:
phase. The room-temperature reflection spectra of the metasurfaces were measured with
a white light source focused through a 0.4 NA objective as shown in Figure 6d (additional
spectra in Figure 8). All the metasurfaces demonstrate near-perfect absorption of incident
light on resonance, with typical peak absorption values of ~95%. The switching spectra
for the 88, 150, 221, 256 and 329 nm nanodisk metasurfaces are shown in Figure 7a, while
switching spectra for the remaining sizes are shown in SI Figure 9. In addition to
producing a spectral shift in the resonance, heating the metasurfaces was also observed
to modulate the peak absorbance by as much as 16%, contributing further to the dynamic

nature of this structure.
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Figure 5.6: Thermal Switching Spectra for Additional Sizes of Nanodisks
(a,b) The solid lines correspond to the reflectance spectra at 20° C, while the dashed lines

correspond to the reflectance spectra of the same metasurfaces at 80° C.

A control sample was also fabricated with a gap comprised of a non-phase-change
material (9 nm of Al2Os). The thermal switching spectra for select sizes of nanodisks on
this sample (same sizes shown in Figure 7a) are presented in Figure 7b. An average of just

3 nm of wavelength switching was observed for the control sample. A comparison of the
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amount of switching for each nanodisk size for both the sample with the VO: gap and the
sample with the Al:Os gap is shown in Figure 7c. We note that the full-width at half-
maximum (FWHM) of the resonance on the control sample is significantly less for the
control sample. This is likely due to increased surface roughness for the VO film arising
from the annealing process and resulted in larger inhomogeneous broadening of the

plasmon resonance.

5.5 Simulated Metasurface Thermal Switching
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Figure 5.7: Simulated Switching Spectra

To provide additional insight into the spectral dependence of the switching
behavior, the active metasurfaces were simulated with a finite-difference solver to model
the temperature-dependent reflection spectra for the various metasurfaces. The simulated
spectra for the same sizes of nanodisks as in Figure 7a are shown in Figure 10. Both the
simulations and experimental results show that spectral switching can be maximized for a

given geometry and resonant wavelength. Furthermore, simulations show good agreement
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with experiment in terms of the magnitude of thermal switching that is predicted, although,
for some disk sizes, simulations predict a different direction for the switching than what is

observed experimentally.

5.6 In-Depth Characterization of 192 nm Nanodisk Metasurface
Thermal Switching
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Figure 5.8: Further Characterization of Thermal Switching For 192 nm Nanodisk
Metasurface

(a) Thermal switching spectra over five cycles, which shows fully reversible

switching. (b) Magnitude of switching over twelve cycles of the temperature (c) Switching
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spectra over one heating cycle taken in 5°C increments from 20°C to 85°C. (d) Extracted
resonance wavelength as a function of temperature for the spectra displayed in (c).

For further characterization of the VO: switching, the amount of switching for the
192 nm nanodisks metasurface is analyzed over multiple cycles and smaller temperature
steps. The temperature-dependent reflectance spectra of the 192 nm nanodisk metasurface
over five cycles is shown in Figure 11a. In all, reflection spectra for this metasurface were
collected over twelve temperature cycles; the shift in peak wavelength measured during
each cycle is plotted in Figure 11b instead of the full spectra for clarity. For each cycle the
magnitude of shift was observed to be 36 + 2 nm, demonstrating the repeatable nature of
the thermal switching.

The reflection spectra of the 192 nm nanodisk metasurface was also measured at
5°C increments to characterize the continuity of the switching in more detail, and the
results are shown in Figure 1lc. The extracted resonance wavelength is shown as a
function of temperature in Figure 11d. The resonance wavelength of the 192 nm
metasurface displays little change until the temperature approaches 45°C. The resonance
then begins to blue-shift with increasing temperature, reaching a maximum rate of change
at 60°C. This implies a transition temperature of ~60°C for the fabricated VO: gap layer,
which is slightly less than the reported value in literature for bulk VO Previous
investigations of ALD-grown VO: have similarly shown a lowered transition temperature

of 61°C.108
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Above 80°C in our experiments, the resonance wavelength stabilizes at a final
value of 1300 nm, which is blue-shifted by 40 nm compared to the resonance wavelength
at room temperature. The lowered transition temperature and gradual phase shift
occurring over a 40°C range when compared to bulk VO: is characteristic of the effect of
boundary conditions on the VO thin films. The amount of switching observed here is less
than what has been measured previously with sputtered/PLD VO: films or bulk material
and likely arises from a combination of the effects of interface strain on the ultrathin film
and the presence of only a small amount of the phase-change material. Further
optimization of the VO: film deposition process on an Au substrate, such as reducing the
roughness and Au dewetting that occur during annealing as well as lessening

contamination in the form of V*, is expected to lead to a larger tuning range.

5.7 Conclusion

In summary, I have here presented thermally tunable nanogap absorbers, which
rely upon a robust, solid-state switching mechanism and possess a range of resonant
wavelengths spanning 1200 nm in the near-IR. These metasurfaces display up to 60 nm of
switching that is fully reversible over more than 10 temperature cycles. With the current
amount of switching, we anticipate that this structure could be utilized for controllable
enhancement of processes such as fluorescence, single photon emission, and nonlinear
generation, as these effects depend strongly on the overlap of the resonance with the

wavelength of the process of interest.”'® An additional application that should be
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realizable with the current amount of switching is holography since the phase of the
reflection coefficient varies rapidly around the resonance wavelength. Thus, a modest
shift in the resonance wavelength should lead to a large shift in phase. With
improvements to the VO: thin film deposition, such that the magnitude of switching is
increased, a variety of additional deeply subwavelength, all-solid-state, optoelectronic
devices could be created using this platform including optical switches and memories,

tunable photodetectors, and reconfigurable displays.
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6. Plasmonic Nanogap Metasurface with Integrated
Silicon Vacancies in Diamond

The results presented in Chapter 6 was co-authored with Nathan Wilson and
Amirhassan Shams-Ansari. I collaborated with Dr. Shams-Ansari to anneal and etch the
diamond films. Mr. Wilson and I collaborated to measure the optical properties of the
SiVs coupled to nanogap cavities and analyze the data. I fabricated the EBL metasurface

and simulated the structure.

6.1 Introduction

Solid-state quantum emitters such as quantum dots, defects in 2D materials and
color centers in diamond are crucial for the advancement of quantum information and
sensing technologies. These emitters are highly valued for their ability to produce
indistinguishable single photons on demand,®!11112 create interactions between single
photons'® and, furthermore, store and process quantum information.!*"¢ Aside from
these applications, solid-state quantum emitters can also be used to sense
temperature,!”118 strain'’® and electromagnetic fields!!#12012! at the nanoscale. Among the
various types of quantum emitters, color centers in diamond, such as nitrogen (NV-) and
silicon vacancies (SiV-), are particularly promising due to their excellent photostability
and minimal spectral diffusion.®3122

To fully realize the potential of diamond color centers for quantum information
and sensing applications, there is a need to precisely tailor the interaction of emitters

with incident electromagnetic fields. In particular, engineering the radiative
84



spontaneous emission rate is key for extracting sufficient photon count rates from
ordinarily dim vacancy centers since long intrinsic lifetimes on the order of nanoseconds
act as a fundamental limit.’?* A promising solution for modifying their spontaneous
emission rate is to utilize the Purcell effect by embedding the color centers in micro- or
nanocavities.'?-2? However, previous demonstrations have been limited to 10-fold
enhancement or less. A recent demonstration showed 80-fold enhancement of NV-
centers contained in nanodiamond particles by integrating into plasmonic
nanocavities.’?® However, usable, coherent emission at the zero-phonon line (ZPL)
comprises just 5% of the total NV- fluorescence,*’ compared to 80% for the SiV-.*
Furthermore, atomic force microscope (AFM) probe manipulation of the nanodiamond
particles was utilized to assemble the nanocavity structure, an approach which is

difficult to scale to chip manufacturing.

6.2 Device Concept

Here I demonstrate up to 121-fold enhancement of the emission rate of SiVs
coupled to plasmonic nanocavities. The SiVs are implanted into monolithic diamond thin
films, which are reduced to nanometer-scale thickness by reactive ion etching (RIE), and
transferred onto a gold film, an approach that has a clear path to fabrication over wafer-
scale areas. Arrays of gold nanodisks are stamped onto the diamond, forming the

nanocavities. The sample architecture is shown in Figures 5a and 5b. Initial wedge in the
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diamond results in a thin etched slab with a gradient of 2 nm/pum and a minimum thickness

of ~16 nm, where further fabrication details are included in Appendix A.

a)
Au Nanodisk

Diamond slab

Au film

z(nm) 20

0
80

c)

16 nm diamond

70 [ Resonance

1000
600 700 800 900
Wavelength (nm)

Figure 6.1: Nanogap-Coupled Silicon Vacancy Metasurface Concept

(a) Schematic of sample structure consisting of Au nanodisks (height = 30 nm) separated
from an Au ground plane by etched diamond slab. (b) Height profile of the thinnest
edge of the diamond slab measured using an imaging ellipsometer. The minimum
thickness was measured to be ~16 nm (c) Electric field profile of the structure. Simulated
via finite-difference, time-domain methods using an incident plane wave of 738 nm
light, which was selected to match the SiV ZPL emission wavelength (further details in
the Methods section). (d) Absorption spectrum of the metasurface overlaid with a PL
spectrum of embedded SiVs, showing the strong degree of overlap.
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A height profile of the thinnest section of the diamond slab is shown in Figure 5¢
and was measured using an imaging ellipsometer (Accurion nanofilm_ep4). In this

measurement, the gradient of the diamond film was determined by taking measurements at
10 wavelengths for each field of view and then stitching them together across the length of
the slab. The material model used for fitting consisted of a diamond layer, native silicon
oxide, and a silicon substrate.

The plasmonic nanocavities possess a large effective electric response on
resonance as shown in Figure 5d, which is strongly localized in the etched diamond slab
below the disks. The resonance wavelength was chosen to match the SiV ZPL wavelength
of 738 nm. The metasurface absorption spectrum and a PL spectrum of embedded SiVs
are plotted in Figure 5e, illustrating their strong overlap. Due to the Purcell effect, this
overlap should result in an enhancement in the emission rate of the embedded SiVs.c A
Purcell factor of 207 is predicted for an optimally positioned emitter near the outside edge
of the nanoparticle.

Finite-difference time-domain (FDTD) methods were performed to simulate the
response of the nanocavity with an integrated SiV to incident optical waves using
Lumerical. By simulating the scattering from single disks, an estimated disk size required
to achieve a nanocavity on resonance with the SiV emission was established. The diamond
thickness employed in the simulations was fixed based on imaging ellipsometry
measurements performed on the thinnest section of the diamond slab. The expected

Purcell factor for SiV coupled to the nanocavity was calculated by introducing a radiating
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dipole oriented at 45° from the horizontal into the diamond-filled gap. Purcell factors for
different SiV positions were obtained by varying the position of the emitter in one
dimension within the nanocavity. The largest Purcell factor resulted from an emitter
positioned near the outside edge of the nanoparticle, which is consistent with previous

reports.8%

6.3 Fabrication Process
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Figure 6.2: Fabrication Process for Nanocavity Metasurfaces with Integrated SiVs

(a) Fabrication process for creating nanogap metasurfaces with embedded SiVs. (b)
Optical microscope image of the etched diamond slab after transferring onto a gold film.
(c) SEM image of gold nanodisks after EBL fabrication on silicon.

An illustration of the sample fabrication process is shown in Figure 6a. Fabrication

of the nanogap cavity structure begins with commercial implantation of silicon ions at ~10
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nm depth (Innovion, San Jose, CA) and subsequent cleaning and high-temperature, high-
vacuum annealing to form SiV- centers from the implanted ions (Figure 2 step: i). Next,
the diamond slab is inverted and transferred to a sapphire wafer (ii) for deep RIE using
alternating O2 and ArCl: chemistries. Etching is terminated once a portion of the diamond
slab has been completely etched through (iii) and the slab is then debonded from the
sapphire wafer and rinsed onto a gold substrate (iv); an optical microscope image of the
sample at this point in the fabrication is shown in Figure 6b. Lastly, arrays of gold
nanodisks are fabricated by EBL and stamped onto the diamond slab (v, vi), where
additional fabrication details are provided in the Appendix A. This transfer technique was
utilized due to the delicate nature of the etched diamond slab and its relatively weak
adhesion to the gold substrate, which could be damaged during the development and
liftoff steps of EBL. A scanning electron microscope (SEM) image of the nanodisks prior

to transfer is shown in Figure 6c.
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6.4 Emission Lifetime Properties of Metasurfaces Containing

Ensembles of SiVs
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Figure 6.3: Cavity-Enhanced SiV Lifetime and PL Data for Metasurface Sample

(a) Time-resolved PL from SiVs coupled to an ensemble of gold nanodisks (red),
showing a biexponential decay with a fast component of Ts4g; = 15 ps and a slow
component of T4, = 475 ps. The fast component decays nearly at the speed of the IRF
of the avalanche photodiode detector, also shown (grey). The lifetime of SiVs in an
etched diamond slab on silicon is Tgjjicon = 965 ps (blue). (b,c) Histogram of the
extracted fast decay components (b) and corresponding Purcell factor (c) collected over
16 different spots on the sample. (d) PL spectra from SiVs coupled to an ensemble of
gold nanodisks (red), SiVs in an etched diamond slab on silicon (blue) and on gold
(yellow). In all cases a 705 nm CW laser was used for excitation.

Time-resolved fluorescence measurements were then performed to characterize
the SiVs embedded in nanogap cavities, as well as SiVs in a control sample consisting of

an identically prepared etched diamond slab on a silicon substrate. Optical measurements
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were performed using a home-built microscope setup coupled into either a spectrometer
or timing SPAD. A 0.9 NA 100 x DE/BF objective was used for both excitation and
collection. Cavity resonances were identified by measuring the scattering or reflectance of
the surface under unpolarized white light illumination. In this way, areas where the
resonance overlapped with the SiV emission were identified and further characterization
was performed. The fluorescence of SiV were measured under laser excitation by a 514
nm Ar-ion laser or a 705 nm laser diode. The excitation wavelengths were rejected by a
combination of dichroic mirrors and long-pass interference filters. The filtered
fluorescence was then coupled into a Jobin Yvon spectrometer with a Symphony charge-
coupled device (CCD) camera.

Fluorescence lifetimes were similarly measured under ~150 fs pulsed excitation
with a 514 nm Ti:Sapphire laser operating at 80 MHz. The fluorescence was filtered and
then coupled into a Micro Photon Devices (MPD) SPAD. Detection events from the SPAD
were correlated with excitation pulses via a fast timing diode and a Pico-Harp 300 time-
correlated single-photon counting module with 4 ps time bins. The instrument response
function was measured by directly coupling the excitation light into the SPAD, enabling
the recovery of fast lifetimes using iterative deconvolution techniques. TCSPC data were
fit with a biexponential convolved with the measured IRF through a least squares
approach.’” In general, deconvolution approaches can allow lifetimes substantially

shorter than the FWHM of the IRF to be recovered.30-132 In this case, however, the the limit
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imposed by the digitization of timing pulses with 4 ps time bins is relevant and therefore
restricted gains from deconvolution to recovery of no less than an 8 ps lifetime as a
consequence of the Shannon-Nyquist theorem.

The SiVs on silicon exhibit single-exponential decay with a lifetime of Tgj;;c0n =
944 + 93 ps, which is consistent with previously reported values for the SiV intrinsic
lifetime;®>13313 an example decay curve is shown in Figure 7a. The measured intrinsic
lifetime for the SiV is on the lower end of the reported range, likely because of surface
effects in the nanometer-scale diamond film that have the effect of reducing the SiV
lifetime.®135

SiVs embedded in the nanogap cavities, on the other hand, demonstrated
biexponential decay with a fast component of T¢,5; = 13 + 3 ps and a slow component of
Tsiow = 580 + 120 ps and weights of 65% and 35%, respectively. This indicates that the
majority of emitters decayed according to the fast component of the biexponential decay.
An example fluorescence decay curve is plotted in Figure 7a; also plotted is the instrument
response function (IRF) of the measurement system, which was measured at the excitation
wavelength using the femtosecond laser pulses from the excitation source and was
utilized during the deconvolution process prior to fitting the enhanced lifetime curves.

In total, time-resolved fluorescence was measured on sixteen different spots on the
sample, all in the thinnest region of the diamond slab. A biexponential fit was applied to

each of the collected fluorescence curves after deconvolution from the IRF and the
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distribution of extracted fast components for the fits are plotted in Figure 7b. The
distribution of calculated Purcell factors is shown in Figure 7c and is computed by
dividing the average lifetime of the SiVs in the etched diamond slab on silicon by each of
the 16 measured fast components of SiVs in the nanocavities. Across all 16 measured spots
on the sample, the average Purcell factor was 76 + 14.

I also characterized the brightness of SiVs coupled to the nanocavities. I collected
PL using a 705 nm CW excitation laser from SiVs coupled to the nanocavities, SiVs on
silicon and SiVs on gold. Example PL spectra from each of the samples are plotted in
Figure 7d. On average, fluorescence from the SiVs coupled to nanocavities was enhanced
13-fold relative to the SiVs on gold and 4-fold relative to the SiVs on silicon. I expect that
the SiV PL enhancement is lower than the emission rate enhancement because the
wavelength of the excitation laser was significantly detuned from the cavities’ resonance
wavelength and thus the excitation rate was not enhanced greatly.?® Exciting the SiV closer
to resonance should result in larger PL enhancement; however, this was not attempted
due to lack of availability of a narrowband source in this wavelength range that could be

filtered out before collecting the fluorescence signal.

6.6 Conclusion

In this chapters, I integrated ensembles of SiVs in thin-film diamond with
plasmonic nanopatch antennas and observed up to 121-fold enhancement of their

spontaneous emission rate. This is the highest value that I am aware of for the SiV in

93



diamond. These results for ensembles of SiV indicate the high potential of this approach.
Producing ultra-short lifetime emission from single SiVs will only require that the Si ion-
implantation density be reduced, allowing for optically resolvable single emitters to be
measured. In the longer term, this platform offers the potential for creating nodes in a
quantum network with high photon count rates, as well as sensors for temperature, strain,

and electromagnetic fields at the nanoscale with high detectivity.
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6.7 Emission Properties of Ensembles of SiVs Coupled to Single
Nanocavities
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Figure 6.4: Cavity-Enhanced SiV Lifetime for Single Cavity Sample

Time-resolved PL from SiVs coupled to a single gold nanodisk (red), showing a
biexponential decay with a fast component of 7745 = 8 ps and a slow component of
Tsiow = 480 ps. The fast component is limited by 4 ps bin size of the TCSPC system and is
extracted via iterative deconvolution with the IRF of the system (grey). The lifetime of
SiVs in an etched diamond slab on silicon is Tgjjcon = 965 ps (blue). Inset: white light
scattering spectra of the gold nanodisk coupled to SiVs. The cavity resonance is nearly
perfectly aligned with the SiV ZPL.

We also fabricated a sample consisting of gold nanodisks with a lower fill fraction
(4 um pitch) in order to explore the effect of coupling single nanodisks to SiVs. The same
size gold nanodisks were fabricated (94 nm) and transferred onto an etched diamond slab
that was prepared in exactly the same manner as the one utilized when SiVs coupled to

ensembles of nanodisks were studied above. Unfortunately, due to poor adhesion of the
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gold nanodisks to the diamond on this sample, only a few nanodisks were located on the
thinnest region of the etched diamond slab. One of these nanocavities was found with a
resonance wavelength matching the SiV ZPL; its white-light scattering spectrum is shown
in the inset of Figure 4.

SiVs coupled to this nanocavity were found to have more strongly enhanced
emission rates than any of the ensembles of SiVs coupled to arrays of nanodisks that were
studied, likely because the fastest SiV lifetimes were not averaged out, as in the ensemble
of nanodisks case. Time-resolved PL measurements revealed an instrument-limited
biexponential decay with a fast component of Tr4;5; = 8 ps and a slow component of
Tsiow = 480 ps with weights of 84% and 16% respectively. This fast lifetime, which we
recover through the iterative deconvolution technique, is at the limit imposed by the 4 ps

time bins of the TCSPC system, in accordance with the Shannon-Nyquist theorem.!301%
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7. Frequency Conversion in Diamond Thin Films via
Nanogap-Cavity-Enhanced Nonlinear Optics

The results presented in Chapter 7 were co-authored with Qixin Shen, Nathan
Wilson, Amirhassan Shams-Ansari, and Tao Cai, where I had a secondary role in this
project. Dr. Shams-Ansari and I etched the diamond slabs. I performed AFM
measurements on the etched diamond slabs. Dr. Shen and Dr. Cai fabricated the EBL
metasurfaces and performed the nonlinear optics experiments with my assistance. Mr.
Wilson measured Fabry-Perot resonances in the etched diamond slab to verify the

thickness of various areas on the sample.

7.1 Introduction

The unique properties of diamond such as excellent thermal conductivity, a high
index of refraction, a large transparency window, and negligible birefringence>!” have
made this material a promising platform for nanophotonics both in the classical’®-4! and
quantum regimes'?$14-147 Additionally, with its relatively high third-order nonlinear
susceptibility (x©®), diamond is an appealing candidate for integrated nonlinear devices.
To date, Raman lasing,'¥81# supercontinuum generation,'® and frequency combs' have
been demonstrated in integrated, single-crystal diamond platforms. One of the salutary
features of diamond is its ability to host defects in its crystal lattice known as color-centers,
which are promising candidates for nodes in networked quantum systems. These
optically addressable spin qubits are unexplored in terms of their interactions with

nonlinear processes such as frequency conversion to shift their emission wavelength.!52
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However, this task has remained an outstanding challenge due to the weak intrinsic
response of nonlinear processes and the phase-matching requirements. Plasmonic
structures have proven to be a well suited platform to investigate and enhance nonlinear
optical processes.!1015-15 The deeply subwavelength scale of these devices simultaneously
allows for large confinement and enhancement of electric fields,5'5-1% as well as a
relaxation of phase matching conditions.!¢!-163

In this chapter, I utilize film-coupled, plasmonic nanogap cavities created by a
non-disruptive transfer method to enhance the nonlinear response in nanoscale diamond
films without patterning diamond itself. When the excitation wavelength overlaps with
the cavity resonance, both THG and SHG are dramatically enhanced compared to a thin
diamond slab reference. Furthermore, THG, SFG and FWM were enhanced
simultaneously by leveraging two different cavity modes, further highlighting the

versatility of this platform as a frequency converter.

7.2 Sample Fabrication
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Figure 7.1: Diamond Frequency Conversion Sample Overview

Optical image of the sample. Area A: transferred nanoparticles on ~ 12 nm diamond,

forming nanogap cavities; area B: transferred nanoparticles on ~ 200 nm diamond,

forming decoupled nanoparticles; area C: diamond on gold. (b) AFM image of the area in

(a) delineated by the square. (c) Height profile along the red, dashed line in (b). (d)

Schematic of the sample structure: a thin diamond wedge is sandwiched in between a 75

nm evaporated gold film and EBL-fabricated gold nanoparticles with a height of 30 nm.

(e) Simulated electric field enhancement distribution of nanogap cavities at 1455 nm. (f)

Measured reflection spectra from nanogap cavities (red) and decoupled nanoparticles

(blue)
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The diamond slab is sandwiched in between a 75 nm gold film and gold
nanoparticles, forming plasmonic nanogap cavities. Arrays of nanoparticles were
fabricated on a silicon substrate by electron beam lithography (EBL) and then transferred
onto the diamond slab using a polydimethylsiloxane (PDMS) stamp (see Appendix B for
fabrication details). As shown in Figure 6.1a, there are three key areas on the sample: (A)
transferred nanoparticles on a ~12-nm-thick diamond film, forming nanogap cavities; (B)
transferred nanoparticles on a ~200 nm diamond film, which behave as decoupled
nanoparticles due to the increased diamond thickness (C) diamond (~12 nm thick) on a
gold substrate, serving as a reference. An additional reference consists of a bare diamond
slab on PDMS with a similar thickness and gradient as the diamond slab on gold. The
thicknesses of the different areas of the diamond slab are confirmed by atomic force
microscopy (AFM) as shown in Figure 6.1b. The height profile in Figure 1c demonstrates
that the thinnest section of the diamond is 12 nm thick. A schematic of the sample is shown
in Figure 1d and consists of arrays of nanoparticles (220 nm particle side length) with a
pitch of 440 nm on a wedge-shaped diamond thin film (gradient of ~2.6 nm/um).

The simulated field distribution for a nanocavity with a 12 nm diamond gap
illustrates that the highly confined electric fields in the cavity are enhanced up to 40-fold
in comparison with the original incident field, facilitating enhanced nonlinear generation
(Figure 6.1e). A reflection spectrum is measured from 700 nm to 1600 nm to determine the

cavities” resonance wavelengths. For the nanogap cavities, the fundamental resonance
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mode is at 1455 nm and the second-order mode is at 840 nm (Figure 6.1f). The fundamental
mode is blue-shifted to 1130 nm for the decoupled nanoparticles and no clear second-
order mode is observed. We attribute the fundamental mode from the decoupled
nanoparticles to a localized surface plasmon resonance (LSPR) mode from the
nanoparticle itself. The nanogap cavity mode is not present on this area of the sample
because the ~200 nm separation between the gold nanoparticles and gold film is too large

to support gap plasmons.

7.3 Nanogap Cavity Enhanced THG and SHG
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Figure 7.2: THG and SHG from Diamond Nanogap Cavity Sample

(a-b) THG intensity as a function of excitation power shown on a log scale. Data points
are experimental results and lines are cubic polynomial fits. (a) 1455 nm excitation. (b)
1130 nm excitation. (c-d) SHG intensity as a function of excitation power shown on a log
scale. Data points are experimental results and lines are quadratic polynomial fits. (c) 1455
nm excitation. (d) 1130 nm excitation. Nanogap cavities: transferred nanoparticles on ~12
nm diamond with an underlying gold film; decoupled nanoparticles: transferred

nanoparticles on ~200 nm diamond with an underlying gold film.

To leverage the field enhancement in the nanogap cavities for nonlinear
generation, a pump wavelength of 1455 nm, matching the fundamental cavity resonance,
is used to excite THG. The presence of THG is confirmed via observation of a third-order
power law during power dependence measurements on all three regions of the sample
and on the control as shown in Figure 6.2a. The THG response from the nanogap cavities
is enhanced 1.6x107-fold compared to bare diamond on PDMS. The enhancement factor is
defined as the nonlinear intensity from the plasmonic structures divided by the intensity
from bare diamond on PDMS under the same excitation conditions. Note that different
excitation powers are used to generate the nonlinear response in order to prevent damage

to the nanocavities due to heating from the localized electric field. In light of this, the
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nonlinear intensities are extrapolated to the same excitation power using the confirmed
power law that was also used to derive the enhancement factor.

Next, to investigate if the large enhancement is arising from the nanogap mode or
simply the LSPR of the gold nanoparticles, THG is also measured from the decoupled
nanoparticles. Measurements are performed using both 1455 nm excitation, which
overlaps with the fundamental resonance of the nanogap mode (Figure 6.2a), and 1130
nm excitation, which overlaps with the LSPR mode of the decoupled nanoparticles (Figure
6.2b). For the decoupled nanoparticles, nearly three orders of magnitude less
enhancement is observed for both excitation wavelengths, even though a larger amount
of nonlinear medium (i.e., a thicker diamond layer) contributes to the THG response. The
electric field intensity is much less in the diamond for the decoupled nanoparticles,
resulting in less THG enhancement.

As seen in Figures 6.2a and 6.2b, the nonlinear response from the diamond on gold
is also enhanced compared with the diamond on PDMS. This may be explained by a
contribution from the nonlinearity of gold or surface effects, as the nonlinear response
from PDMS itself is negligible. In addition to the large enhancement, the nanogap cavities
have relatively high nonlinear conversion efficiencies considering their nanoscale
dimensions. The efficiency is defined as the power of the generated nonlinear intensity
from embedded diamond nanocavities divided by the power of the incident excitation.

The power of the nonlinear signal is derived from the photon counts and a calibrated light
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source (Labsphere) positioned at the focal plane of the objective lens; photon counts are
then collected by the CCD camera-coupled spectrometer (same as used for the nonlinear
response measurements). From this, a linear relation between radiative power and
detected photon counts are obtained. The nonlinear generation power is converted from
the nonlinear response counts using this relation and the efficiency is determined as the
nonlinear generation power divided by the excitation power. With an observed damage
threshold of 5 mW of excitation power, the maximum THG conversion efficiency is

estimated to be 2.33x10° %.

7.4 Excitation Wavelength Dependence of THG and SHG
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Figure 7.3: Excitation Wavelength Dependence of THG and SHG

(a) THG response spectra as a function of excitation wavelength. (b) SHG response spectra
as a function of excitation wavelength. (c) THG enhancement factor as a function of
excitation wavelength (red) compared to the reflection spectrum (blue) which shows the
plasmon resonance. The FWHM of the THG enhancement is 31 nm. (d) SHG enhancement
factor as a function of excitation wavelength (red) compared to the reflection spectrum
(blue) which shows the plasmon resonance. The FWHM of the SHG enhancement is 40
nm, while the FWHM of the reflection spectrum is 204 nm in both (c) and (d).

Next, the excitation wavelength was varied to further investigate the importance
of the plasmonic nanogap mode for enhanced nonlinear responses. Specifically, laser
excitation at wavelengths ranging from 1430 nm to 1480 nm with constant power are
utilized for nanogap cavities and the resulting spectra are shown in Figure 6.3a for THG
and Figure 6.3b for SHG (additional data in Appendix D. As expected, the maximum
nonlinear intensity occurs at the cavity resonance wavelength (1455 nm) for both the THG
and SHG signals. The nonlinear intensity decreases dramatically when the excitation is
detuned from 1455 nm due to the reduced electric field intensity within the diamond
layer. Therefore, the nonlinear intensity is strongly related to the enhanced electric field
intensity confined within the diamond, illustrating the observed overall nonlinear
response significantly originates from diamond. The full-widths at half-maximum

(FWHM) of the THG and SHG enhancement as a function of excitation wavelength are
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noted to be much smaller than that of the cavity reflection spectrum as shown in Figure
6.3c and 6.3d, which is a consequence of the nonlinear dependence of THG and SHG
intensity on the electric field intensity.

It is observed, that THG decreases more rapidly than SHG when the excitation
wavelength is detuned from the cavity resonance as the THG depends on the third power
of the electric field in the cavity whereas SHG has a second-order power dependence.
THG is expected to have a 3 order Lorentzian lineshape and SHG a 274 order Lorentzian
lineshape. A coupled mode theory analysis gives a ratio between the FWHM of the THG

7

J2-1

-

and SHG enhancement of

=0.79 which agrees very well with the experimentally

31
observed ratio of 0 0.78 (further details in Appendix C).
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7.5 Simultaneous Generations of Multiple Nonlinear Frequencies

(a) Nonlinear intensity (cts/s) (b) Spectrum at zero delay
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Figure 7.4: Generation of Multiple, Simultaneous Nonlinear Wavelengths

(a) The spectra of nonlinear responses as a function of the time delay between the two
excitation pulses at 840 nm and 1455 nm. (b) Nonlinear response spectra at zero time
delay. The three peaks correspond to THG, SFG and FWM as indicated in the figure. (c-
d) Power dependence measurements for variable 840 nm excitation power. (c¢) FWM
intensity. The 1455 nm excitation powers for nanogap cavities and the diamond reference

are 180 uW and 18 mW, respectively. (d) SFG intensity. The 1455 nm excitation power for
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nanogap cavities is 180 uW and SFG intensity from the diamond reference is too small to
observe. (e-f) Power dependence measurements for variable 1455 nm excitation power.
(e) FWM intensity. The 840 nm excitation powers for nanogap cavities and the diamond
reference are 400 uW and 14 mW, respectively. (f) SFG intensity. The 840 nm excitation
powers for nanogap cavities is 400 uW and the SFG intensity from diamond reference is
too small to observe. The insets in (c-f) show the energy diagram for the corresponding
frequency conversion process.

Next, we investigate nonlinear generation arising from multiple nonlinear optical
processes occurring simultaneously within a single nanocavity. Here, sum frequency
generation (SFG) and four wave mixing (FWM) are selected to demonstrate this
capability, along with the previously characterized THG process. Excitation wavelengths
of 840 nm (@, ) and 1455 nm ( @, ), matching the cavities” fundamental and second order
modes, were selected. The output SFG frequency equals &g =@ +®, while the
degenerate FWM frequency equals @, = 2@, —®, (indicated in the inset schematic in
Figure 4c-f).

A variable delay stage is employed to control the relative time delay between the
two excitation pulses. The SFG (532 nm) and FWM (590 nm) responses start to appear
when the time delay between the two excitation pulses is below approximately 150 fs,

which is the pulse duration of the excitation laser. The THG intensity remains constant as

it only depends on the 1455 nm excitation (Figure 4a). The largest SFG and FWM
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intensities are observed at zero time delay when the two excitation pulses are perfectly
overlapped (Figure 4b). The emission peak observed at 485 nm is from THG as confirmed
above. Similar power dependence measurements are performed to demonstrate that the
other two peaks are from SFG and FWM processes, respectively. Specifically, the signal at
the longest wavelength (590 nm) scales quadratically with the 840 nm excitation power
and scales linearly with the 1455 nm excitation power. Therefore, it is confirmed that this
signal is from FWM as it obeys the expected power law and, furthermore, occurs at the
wavelength calculated from the frequency conversion relation. Similarly, the signal in the
middle at 532 nm scales linearly with both the 840 nm the 1455 nm excitation powers,
indicating that it is indeed from SFG.

Large enhancement is expected for SFG and FWM from diamond embedded in the
nanogap cavities due to the strong electric field at both excitation wavelengths.
Experimentally we find that FWM is enhanced 3.0x10%-fold compared to bare diamond on
PDMS as extracted from Figures 4c and e. For SFG, the signal from bare diamond is too
weak to detect since only the surface of diamond contributes SFG due to the inversion
symmetry in its crystal lattice. Thus, an enhancement factor for this process cannot be

determined.

7.6 Conclusion

In summary, I embedded a diamond slab into plasmonic nanogap cavities formed

by a gold ground plane and EBL-fabricated nanoparticles transferred using a PDMS

109



stamp. By overlapping the excitation wavelength with the nanocavities’ resonance
wavelength, 1.6x107-fold enhancement is observed for both THG and SHG. This large
enhancement is accompanied by relatively high nonlinear conversion efficiencies,
approaching 2.33x10- % and 7.59x10-¢ % for THG and SHG respectively. These efficiencies
are comparable with other reported results using plasmonic structures,!10153156,163-165 by
achieved with a unique material — diamond, which has not been utilized in previous
reports. Furthermore, simultaneous enhancement of multiple nonlinear processes was
demonstrated, specifically THG, SFG and FWM, enabled by the relaxed phase matching
conditions in the deeply subwavelength cavities. To further enhance nonlinear
generation, the damage threshold of the structure could be increased by utilizing
refractory materials!®1% such as TiN or gold nanoparticles coated with ultrathin ALD
layer to prevent deformation.!® The PDMS transfer process provides a convenient and
non-disruptive method to place nanoparticles. This technique, along with the cavity’s
vertically oriented gap, makes it possible to embed diamond containing color centers, as
demonstrated in the previous chapter. These studies demonstrate a metasurface-based
diamond frequency converter that is promising for on-chip nonlinear devices and single-
photon frequency conversion of the emission of color-centers in diamond from visible to

telecommunication wavelengths.
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8. Conclusion

This dissertation has presented, for the first time, the integration of silicon vacancy
centers in diamond, a prominent candidate emitter for quantum networks, into film-
coupled plasmonic nanocavities, which have demonstrated singular capabilities for
radically altering the properties of embedded spontaneous emitters to achieve desired
effects in terms of decreasing the emission lifetime, increasing the overall photon count
rate of the fluorescence and directing the emission into a single out-of-plane radiation
lobe.

To support integration of SiVs into film-coupled plasmonic nanocavities, a process
for EBL fabrication of these cavities was first developed, resulting in near-perfect
absorption from metasurfaces comprised of either nanodisks or nanocubes, as expounded
upon in Chapter 4. During this characterization, a study of the dependence of absorber
properties on the metasurface fill-fraction was also conducted, showing an increase in
performance with increasing fill-fraction, as well as the emergence of some neighboring
element coupling effects at the highest fill-fraction. Furthermore, an investigation was also
conducted on the properties of rectangular absorbers with dual-band absorption that
depends on the incident polarization. Strong absorption into both the TE and TM cavity
modes was observed when the incident polarization was appropriately tuned.
Simulations point towards the ability of nanogap cavities employing rectangular particles

to simultaneously induce large enhancement of both the absorption rate and spontaneous
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emission rate of embedded fluorophores, leading to total fluorescence enhancement
factors of a few thousand due to synergy from these two effects. As such, this sort of
plasmonic nanocavity provides a promising pathway for creating fluorescent sources
with photon count rates approaching the THz regime.

The EBL-fabricated metasurfaces were then employed to create film-coupled
nanocavities with embedded SiVs; here a transfer process assisted by a PDMS stamp was
created to avoid damaging the diamond thin film / SiVs during direct-write EBL. The
resulting experiments, presented in Chapter 5, have shown ~100x increase in the radiative
emission rate of SiVs in diamond, which is an order of magnitude higher than previous
enhancements achieved with other nanophotonic structures. The fabrication technique
employed utilizes monolithic, etched diamond thin films and has a clearer path towards
device scaling than less controllable techniques, such as the utilization of diamond
nanoparticles where arrangement presents a significant challenge.

The results presented lay a foundation for achieving similarly dramatic
enhancements of emission from single SiVs, as this would only require adjusting the
implantation concentration. Once single vacancy centers have been integrated into
plasmonic nanocavities in this fashion, a whole host of experiments in quantum photonics
become accessible, including optical manipulation of the spin state of embedded vacancy
centers and observation of Rabi oscillations from single vacancy centers that are in the

strong-coupling regime of emitter-cavity coupling. Integration of the neutral-charge-state
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SiV could also be potentially achieved by employing existing techniques for manipulation
of the SiV’s charge state.

Utilizing the same architecture, enhancement of several different nonlinear optical
processes in diamond, including THG, SHG, SFG and FWM, were performed, yielding
enhancement factors ranging from 10° to 107 as described in Chapter 7. The demonstrated
nonlinear enhancements offer a promising pathway for on-chip frequency conversion of
SiV emission to e.g., telecom wavelengths for larger scale photonic integration.
Alternatively, diamond is a material with superior mechanical hardness, a large
transparency window and excellent thermal conductivity and, thus, is appealing in many
ways as a photonic platform in a general sense.

The final main result presented in this dissertation is the actively tunable nanogap
metasurfaces with integrated sub-10-nm VO: films, which was presented in Chapter 5.
Here, EBL-fabricated nanodisks were again utilized and were transferred onto the VO:
thin film on Au with the assistance of a PDMS stamp; a lavge range of nanodisk sizes were
fabricated and, thus, active tuning of metasurfaces with resonance wavelengths spanning
1200 nm in the NIR was explored. Up to 60 nm of wavelength tuning of the resonance was
observed and the switching was found to be fully reversible over more than ten
temperature cycles. In fact, no degradation of the sample was observed over several
months of measuring it, which is critical for creating robust practical devices based on

active nanogap metasurfaces. Further improvement of the VO2 thin film deposition on
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Au, which is a non-lattice-matched substrate and thus requires careful optimization, is
expected to both improve the amount of wavelength tuning of the resonance and improve
the switching contrast by reducing the resonance bandwidth due to reduced surface
roughness of the VO film. Even with the current amount of switching, applications such
as holography should be possible since the phase of the reflection coefficient varies
rapidly around the resonance wavelength. Potential for integration with the other main
results on enhanced emission from SiVs exists, which could yield a fast and efficient

quantum light source with actively tunable properties.
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Appendix A Additional Diamond Fabrication Process
Details for Nanogap-Cavity-Embedded SiVs

A pair of electronics-grade, 1x1x0.3 mm, <100>-oriented diamond slabs were
procured from Element Six. Following a tri-acid clean, the diamonds were commercially
implanted with 7keV Si ions at a density of 1 * 10'* cm?2. Following the implantation, the
samples were annealed under high vacuum for 2 hours at 450 °C, 8 hours at 900 °C, and 2
hours at 1350 °C to form the SiV and repair damage from the implantation process. An
additional tri-acid clean was performed after the annealing and the samples were
transferred to sapphire substrates for etching. The diamonds were thinned to a gradient
from ~10 nm-1 um in a deep RIE using alternating ArCl2 and Oz chemistries. After etching,
a drop of HF was used to release the diamonds from the sapphire substrates, and they
were washed with DI water onto their respective substrates. One of these substrates had
a layer of Au deposited on the top surface which would form the ground plane for the
nanocavity. Au nanodisks were fabricated on a separate substrate with EBL and then
transferred to the top surface of the diamond slab using a PDMS stamp, completing the

diamond-integrated nanocavity.

115



Appendix B Additional Diamond Fabrication Process
Details for Nonlinear Frequency Conversion

The samples used in this work consist of a gold ground plane on a silicon substrate,
an etched diamond slab and gold nanoparticles. The 75 nm gold film was deposited by
electron-beam evaporation with a 2 A/s deposition rate. The etched diamond slab was
fabricated on a 1 x 1 mm, 30 um thick electronic-grade, single-crystal diamond thin film
(Element Six). It was then mounted and etched on a sapphire carrier wafer to a submicron
thickness using deep reactive-ion etching (RIE) with alternating ArCl> and Oz chemistries.
The thickness gradient in the etched diamond slab occurs due to the mechanical polishing
process on the surface prior to etching. Once etching is complete, the slab is dewetted
from the carrier wafer using a droplet of hydrofluoric acid (HF). Once the diamond is
detached, the HF is diluted with DI water and the thin film is transferred and bonded onto
the gold film via Van der Waals forces.

The gold nanoparticles were fabricated by electron-beam lithography (EBL) and
transferred onto diamond using polydimethylsiloxane (PDMS). The nanoparticles were
first fabricated on a silicon substrate. Then, a PDMS stamp was placed on top and the
sample was baked at 100°C for 30 minutes. Potassium hydroxide (KOH) solution was
used to etch the thin silicon dioxide (SiO2) layer on the silicon substrate for 2 hours. This
results in the gold nanoparticles debonding from the silicon substrate and attaching to the

PDMS stamp, which was then placed on a glass slide and stored in vacuum to dry
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overnight. Lastly, with the gold nanoparticles face-down, the PDMS stamp was pressed
onto the diamond slab and baked at 120°C for 4 minutes. The sample was placed in

vacuum for two days and then baked at 120°C for 4 minutes before removing the stamp.
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Appendix C Coupled Mode Theory Analysis of Nonlinear
Responses

The dependence of the nonlinear intensity on the excitation power Pl(Q) and the

excitation frequency detuning Awl(z) from the respective resonant frequencies are

analyzed by coupled mode theory:

2
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where we assumed that there is a predominant mode around the resonance frequency,

@5y, and Yy denotes the total (radiative) decay rate of the mode at @; . Therefore, the

dependence of the nonlinear intensity on the excitation frequency detuning Aa)l(z) can

exhibit a higher-order Lorentzian response.
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Appendix D Additional Excitation Wavelength
Dependence Data for SHG and THG

Increasing excitation wavelength
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Figure A.1 Additional THG Response Spectra as a Function of Excitation Wavelength
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Figure A.2 Additional SHG Response Spectra as a Function of Excitation Wavelength
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