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Abstract

Photonics and optics are ubiquitous in our daily lives. By exploiting the quantum
mechanical nature of light and matter, quantum optics holds promise to revolutionize
communication, computing, metrology, and sensing. One class of quantum matter
that interacts strongly with light is solid state color centers. These color centers
are optically active lattice defects hosted in large bandgap materials such as dia-
mond, which can serve as individual quantum nodes interacting in a quantum network
through the emitted photons.

In this dissertation, we explore a type of color center in diamond called silicon-
vacancy (SiV) center, which presents a promising platform for implementation of
quantum technologies. In particular, we will introduce the background on the photo-
physics of SiV centers in diamond, and then walk through our journey studying this
color center. We start by studying the optical properties of SiVs in nanodiamonds,
and created hybrid diamond-silicon carbide (SiC) platforms to take advantage of
the material properties of both diamond and SiC. Next, we discuss optical coherent
control of optical transition of a single SiV center in a nanopillar array platform,
which is a step towards scalable, on-chip quantum systems. Lastly, we discuss our
efforts to create SiV-photon interface by embedding single SiV centers in diamond
optical resonators. Using this platform, we demonstrate strong Purcell enhancement
and cavity-enhanced Raman emission from a single color center, thereby achieving a

large frequency tuning range of 100 GHz for Raman photon emission.
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Chapter 1

Introduction

1.1 Quantum Technologies

The development of computing machines has come a long way since the first general-
purpose computer. Over the past 100 years, the amount of compute power per dollar
has grown exponentially, while the computers have also become smaller and more pow-
erful. This exponential growth was enabled by the paradigm shifts in the technologies
from electromechanical parts to vacuum tubes, through transistors to integrated cir-
cuits. But even with the computing power of today, some fundamental science and
engineering problems are still very difficult to solve. For example, the protein folding
problem, which involves molecular dynamics simulations of proteins over very large
dynamic ranges of time, could translate into weeks, months, or even years of com-
puter time depending on protein system size and high performance computing (HPC)
machine architecture. So while we continue to build supercomputers to tackle these
challenging computational problems, engineers and physicists ask, what is the next
paradigm shift going to look like?

Similarly, the history of communication has also come a long way. It began with
the use of smoke signals. Since then, telecom has evolved through many eras: the
visual era, wired era (telegraph, telephone), and the wireless era (mobile), and now the
IP cloud era. Billions of people have been connected to each other and to the internet,

and our lives have been changed for the better. However, in todays connected world,
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network security is becoming a major priority for the telecommunications companies,
and they are facing challenges with the emergence of new technologies.

Our understanding of quantum mechanics since early 20" century has lead us to
theorize that quantum mechanics can help us solve these challenges in computation
and communications.

For example, Quantum cryptography enables the unconditionally secure trans-
mission of a random binary key between a sender and a recipient, also known as
Quantum Key Distribution (QKD). The security of the transmission is ensured by
the no-cloning theorem that forbids the perfect reproduction, or cloning, of a quantum
system without disturbing it, therefore enabling the sender and recipient to detect
the presence of a potential eavesdropper.

On the computing side, progress has been made in quantum computing, which
promise exponential speedup on some problems such as basic linear algebra subrou-
tines (BLAS). BLAS include Fourier transforms, finding eigenvectors and eigenvalues,
and solving linear equations, and they are expected to exhibit exponential quantum
speedups over their best known classical counterparts. All computing systems rely on
the ability to store and manipulate information. Classical computers manipulate in-
dividual bits, which store information as binary 0 and 1 states. Quantum computers
store information in quantum bits, or qubits, which can be both 0 and 1 state si-
multaneously. By leveraging quantum mechanical phenomena such as superposition,
entanglement, and interference, the representation power of qubits is significantly
larger compared to classical bits. This difference can be visualized on a sphere called
Bloch sphere as shown in Figure 1.1. Bits are constrained to either the north or south

pole, while qubits can be represented anywhere on surface of the sphere.
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Figure 1.1: Left: a classical bit, which can represent binary 0 or 1 state. Right:
a Bloch sphere representing the state of qubits, which can reside anywhere on the
surface of the sphere. The green and yellow dots represent the states the classical
bits would be constraint to.

Lying at the intersection of physics, engineering, and material science, quantum
photonics has seen rapid developments in the recent years. By exploiting quantum
mechanics, quantum photonics is revolutionizing communication, computing, metrol-

ogy, and sensing.

1.2 Quantum Network as an Architecture

One of the architectures for implementing quantum computing and quantum commu-
nication systems that we described in the previous subsection is a quantum network
[1]. On a high level, quantum information is generated, processed, and stored locally
in quantum nodes. These nodes are linked by quantum channels, which transport
quantum states from site to site with high fidelity and distribute entanglement across
the entire network (Figure 1.2(a)).

Quantum state transfer and entanglement distribution from node A to node B is
illustrated in Figure 1.2(b). Each node is a cavity quantum electrodynamic (QED)

system with an atom coupled to a cavity. The state of the atom can be mapped to
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the state of a photon, which carries information towards another node.

(a) Quantum y J | ) (b)
node

Figure 1.2: (a) An illustration of a quantum network consisting of quantum nodes
connected by quantum channels. (b) Quantum state transfer and entanglement dis-
tribution from node A to node B in the context of cavity QED. Figures adapted from

1].

Many physical systems have been studied for use as the local quantum nodes, in-
cluding trapped ions[3], superconducting qubits [4], quantum dots [5], optical lattices
6], and solid state color centers[7]. In my research, I have focused on this last class,
solid state color centers in large bandgap materials, as a potential local qubit. We will

introduce color centers and the specific color center we focus on in the next chapter.

1.3 Outline of thesis

Chapter 2 of this thesis introduces the properties of the color center at the focus of
our study - silicon vacancy center (SiV) in diamond. We introduce the optical and
spin properties of SiV, and briefly describe how they are typically generated in the
context of hetero- vs homo-expitaxial growth.

In chapter 3, we describe the various nanodiamond based hybrid platforms that
we explored early in the program and along the way. We explore different geome-
tries for integrating fluorescent nanodiamond with silicon carbide structures includ-

ing nanowires, microdomes, and microdisks. A collaborative work with our material
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grower to improve the lattice and optical quality of nanodiamonds is also briefly
introduced.

Chapters 4 and 5 describe our work on creating an on-chip diamond platform,
namely arrays of single SiV centers hosted in nanopillars. We then perform optical
complete coherent control of the optical transition of a single SiV in a nanopillar.

In the last part of the thesis, chapters 6 and 7, we detail our effort to create a
cavity QED system to strengthen the qubit-light interaction, which in the context
of quantum network can be used as a quantum node. Chapter 6 introduces the
different components of the cavity QED system - the emitter, cavity, and coupling.
We experimentally demonstrate the strong Purcell enhancement of single photon
emission from a SiV coupled to a photonic crystal cavity mode. In chapter 7, we
show that using this very cavity QED system we can increase the tuning range of the
Raman emission by an order of magnitude through cavity enhancement, and in this

way compensate for all of spectral broadening of color centers.



Chapter 2

Silicon Vacancy Centers in

Diamond

2.1 Color Centers

Solid state color centers are a myriad of lattice defects hosted in semiconductors and
insulators such as diamond and silicon carbide. Like atoms and ions, these atomic
sized defect centers have intrinsic optical, electrical, and spin properties, which makes
them promising as atomic systems hosted in solids, and therefore more scalable. These
color centers can serve as quantum nodes that interact through the emitted photons
in a quantum network.

For example, illustrated in Figure 2.1(a) is a silicon vacancy center in diamond,
which consists of two missing carbon atoms from the lattice, denoted by the red
bonds, and introduction of an additional silicon atom, denoted by the blue dot. This
whole complex is called silicon vacancy center.

The defect complex localizes electronic orbitals with energies within the diamond
band gap, as shown in Figure 2.1(b). The electron transitions between these levels give
rise to photon absorption and emission at specific wavelengths. For SiV in diamond,
the main emission is at 737 nm. At large concentrations, the absorption from these

defects can give the solid a colored appearance, and hence the name color center.
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Figure 2.1: (a) An illustration of a silicon vacancy center in diamond. Figure adapted
from [2]. (b) The electronic levels of the SiV resides in the band gap of diamond,
with internal spin degrees of freedom.

An important property of color centers for their use in quantum information pro-
cessing is that in general, these defects not only interact strongly with light, but they
can also have internal degrees of freedom - electronic spin states which can be used to
store quantum information. We can think of these defects as artificial atoms frozen
in the host lattice.

As a side note, these color centers are found in many large bandgap materials,
and not limited to three dimensional bulk materials such as zinc oxide, diamond,
and silicon carbide, but also in two dimensional materials such as hexagonal boron
nitride. Exploring the wide variety of color centers in different platforms remain an
open active area of research.

Compared to other types of systems such as superconducting qubits, color centers
have the advantage that they readily absorb and emit photons, which is an advantage
because the photons carrying the information can be routed through free space and
optical fibers, which is ideal for constructing a quantum network. In addition, they
have the advantage of interacting with the photons at a fast, GHz rate, which allows
for large bandwidth operation. Lastly, because they are chip integrated by definition,

we don’t need equipment for trapping as is the case of neutral atoms and ions.
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The optical emission spectrum of a color center consists of two parts, the zero-
phonon line (ZPL) and the phonon sideband. The Lorenzian shaped ZPL represents
a direct optical transition from the lowest vibrational excited to the lowest vibrational
ground state. For the color centers with multiple ground or excited states, as in the
case of the negatively charged SiV, germanium vacancy (GeV) and tin vacancy (SnV)
centers, the spectrum contains multiple ZPLs. The broad phonon sideband contains
lower energy photons resulting from phonon-assisted optical transitions. The fraction
of light emitted into the ZPL is called the Debye-Waller (DW) factor npw, and most
of the nanophotonic applications benefit from higher values of this parameter. For
NV center, the DW factor is 3-5% [8], while inversion-symmetric color centers exhibit
higher values. The negatively charged SiV center emits 70% of radiation into its four
ZPLs, with a maximum of 24% for an individual transition [9], while neutral silicon
vacancy SiVY emits 90% into its only ZPL [10]. Negatively charged GeV and SnV
centers exhibit a DW factors of 60% [11] and 40% [12] over four ZPLs, respectively.

2.2 Optical Properties of SiV

Negatively charged SiV center in diamond has recently attracted attention as a solid
state light source that can generate indistinguishable photons on demand [13]. As
shown in Figure 2.1(a), the SiV defect comprises of two vacancies of missing carbon
atoms as denoted by the red dangling bonds, surrounding an interstitial silicon atom,
as denoted by the blue dot.

Its optical properties are excellent: when excited with light, it emits photons that
correspond to the discrete energy states of the defect center. The ZPL is at 737 nm,
and it has a narrow linewidth of several nanometers at room temperature, as shown
in Figure 2.2. More importantly, it has a large Debye-Waller factor of npy ! 0.7, as
70% of the light is emitted into the coherent part of the emission.
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Figure 2.2: Photoluminescence spectrum of SiV at room temperature. The radiative
emission consists of the zero-phonon line and phonon sideband.

2.3 Level Structures of SiV

Negatively charged silicon vacancy centers have well defined level structures: the
excited and ground states have their degeneracy partially lifted by the spin orbit
coupling, and the splittings are 260 GHz and 50 GHz respectively. The four dipole
allowed transitions are labeled A, B, C, and D in the order of decreasing energy in
Figure 2.3(a). A typical low temperature PL spectrum of an ensemble of SiV centers
is shown in (b). The four transitions are clearly visible even for the ensemble, as a
result of the small inhomogeneous broadening and the low strain environment in the
bulk. When the diamond lattice is strained, the four energy levels shift with respect
to each other, and hence the transition energies will shift [14, 15].

Negatively charged SiV center is spin 1/2, and each of the orbital states in Figure
2.3(a) has two fold spin degeneracy, which could be lifted by an external magnetic

field. The work on spin pumping and manipulation is outside the scope of this thesis.
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Figure 2.3: (a) Level structure of SiV at zero magnetic field. A, B, C, and D are
optically allowed transitions in the order of decreasing energy. (b) Low temperature
PL spectrum of an ensemble of SiV. Transitions A-D are labeled in the spectrum.
The small peaks beside the lines A-D are the optical transitions of other isotopes of

SiV’s, i.e. from SiVs formed by Si* and Si*°.

2.4 Generation of SiV

There are various ways to produce these silicon vacancy centers. These luminescent
color centers have been found in meteorites[16], and can also be produced using
hydrocarbons and fluorocarbons under extremely high pressure[17].

In our work, we use a robust method called chemical vapor deposition, or CVD,
to make diamonds doped with these color centers [18, 19]. The diamond growth is
done in collaboration with our collaborators in the physics and material science de-
partments, Zhi-Xun Shen, Steven Chu, Nicholas Melosh, Yan-Kai Tzeng, Haiyu Lu,
and Hitoshi Ishiwata. It is made possible also by the Stanford diamondoid collab-
oration, Jeremy Dahl, Robert Carlson, Hao Yan, and Peter Schreiner. We start off
by growing fluorescent nanodiamonds from molecular diamond seeds called diamon-

doids. Diamondoids are a class of molecules which are the smallest unit of diamond
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lattice. In Figure 2.4 left panel is an example of a diamondoid called pentamantane.
Diamondoids are ultra-stable and pure, and as a result, nanodiamonds grown from
diamondoids in our approach are free from impurities such as nitrogen and graphite
from the seed, which could be present in the other less pure seeds.

The growth process is as follows, diamondoid seeds are attached to the oxidized
SiC substrate (Figure 2.4 middle panel). From here, the sample is placed in a CVD
reactor under hydrogen and methane plasma at elevated temperature and microwave
power. The size of nanodiamonds grown is a function of the growth time. In the
right panel is the SEM image of the resulting nanodiamonds. Importantly, SiV were
incorporated during the “growth step”, through diffusion of silicon atoms from the

plasma etching of SiC substrate.

## o

seeding step

—_— .

N

SiC substrate

Diamondoid

nanodiamonds

Figure 2.4: Diamondoid seeded hetero-epitaxial nanodiamond growth via chemical
vapor deposition. The diamondoid seeds are covalently attached to the oxidized SiC
substrate. From here, the sample is placed in a CVD reactor under hydrogen and
methane plasma at elevated temperature and microwave power to form the nanodia-
monds.

The second platform we work with is SiV doped diamond film grown directly on
diamond substrate, also known as homo-epitaxial growth.

Starting with a high quality diamond substrate that we purchase from vendor, the
sample is placed in the CVD reactor under standard growth conditions (Hy, CH4 and
Ar) to grow a thin film of diamond containing SiV center. The exact growth time is

calibrated to desired diamond film thickness. Note that a piece is silicon is typically
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placed underneath the substrate, so that during the growth, silicon atoms get etched

from the subtrate and get incorporated to form SiV centers.

2.4.1 Hetero- vs homo-epitaxial platforms

The optical quality of the SiV centers is important for their use as an optically
interfaced quantum node. Therefore, we always characterize the optical properties
such as photoluminescence (PL) spectra of SiVs in the CVD grown material before
any further fabrication. The spectra of SiVs in representative nanodiamonds and
homoepitaxial films are presented in this subsection.

When we cool the nanodiamond samples down to a low temperatue of 4-5K, a
typical low temperature PL spectrum of nanodiamond on SiC revealed many lines
(Figure 2.5 left), which suggests multiple SiVs in a strained environment. This may be
because the diamond was grown on a different material with different lattice constant
and thermal expansion coefficient, so different SiVs experience a strain gradient, which
shift the lines with respect to each other [14]. This limits the scalability because of

the challenging requirement to find two identical SiV to interface with each other.
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Figure 2.5: Low temperature PL spectra of SiVs in (a) nanodiamonds and (b) homo-
epitaxial diamond.

Since then, we have shifted the focus towards homoepitaxially grown diamond
containing SiV, which reduces the strain due to lattice matching to the underlying
substrate. A low temperature PL spectrum of an ensemble is shown on the right of
Figure 2.5. The inhomogeneous distribution is smaller than the energy separation
between neighboring transitions, which gives rise to four clear lines.

Following this method of homoepitaxial diamond growth and processing, we pro-

ceed to try to make scalable on-chip diamond platforms in chapters 4-7.
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Chapter 3

Nanodiamond based hybrid

platforms

Integration of diamond color centers with photonic devices provides a platform for
quantum optical technologies. Nanophotonic devices can enhance the single photon
emission rate [9] and quantum state readout sensitivity [20]. However, the develop-
ment of these systems has started only in the past decade. While admirable progress
in nanofabrication of bulk diamond has been made [21, 22, 23], a scalable platform
capable of hosting a variety of device geometries has not yet been reached. For exam-
ple, the laborious diamond thinning into films [24] results in non-uniform thicknesses
which significantly limits the area that can be exploited for photonics. Innovative un-
dercutting approaches [21] have improved scalability but have, so far, have limitations
on the device cross section geometry.

Hybrid approaches, where diamond color centers are interfaced with photonic
devices implemented in a different substrate, are resulting in promising quantum
platforms. Among them, nanodiamonds provide versatility in types of integration due
to their small size and ease of production. In this chapter, we discuss the integration of
nanodiamonds with photonic devices for quantum optics applications including hybrid
diamond-silicon carbide platform. We first introduce nanodiamond synthesis and
color center incorporation, followed by two of our works integrating nanodiamonds

with silicon carbide (SiC) material platform. The results in this chapter are published
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in references [19, 25, 18].

3.1 Nanodiamond synthesis and color center in-

corporation

Nanodiamonds containing single photon emitters (SPEs) are a key component for
quantum information processing with diamond color centers in the hybrid approach.
Several methods can be used to create these nanodiamonds. The detonation method
and high pressure high temperature (HPHT) growth produce NV center-containing
nanodiamonds on a large scale, while the meteorites act as a scarce source for nanodi-
amonds containing SPEs. Small diamonds of the order of 2 nm found on meteorites
have been shown to host SiV centers [16]. Recently, a new method for luminescent
diamond synthesis based on mixtures of hydrocarbon and fluorocarbon compounds
without catalyst metals was developed [17], producing high quality SiV and other near
infrared color centers with almost lifetime-limited linewidths [26, 27]. CVD approach
offers another promising alternative, which we will discuss in more detail.

In the CVD approach, the diamonds can be grown on various substrates, and the
dopant type and nanodiamond size can be independently controlled, which combine
to provide higher engineerability. Early works have focused on controlled synthe-
sis of high quality micro/nano-diamonds by microwave plasma CVD with tunable
size, dispersion and levels of perfection of the nanodiamonds|28], as well as exploring
introducing various color centers as single photon emitters in the synthesized nanodi-
amonds [29, 30, 31]. For the negatively charged SiV in particular, microwave plasma
CVD-synthesized nanodiamonds were some of the first resources for bright single pho-
ton sources [32, 33, 34], and have helped elucidate the electronic and optical structure
of the color center [35]. The growth substrates include silicon, silicon carbide, silica,
and iridium on yttria-stabilized zirconia (YSZ) on silicon. The nanodiamond growth
typically starts with seeding with smaller de-agglomerated nanodiamonds from com-
mercial sources [33, 36, 37|, which are spin coated or drop casted onto the substrates,

or with molecular diamond, also known as diamondoid [18, 19], chemically attached
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to the substrate. The seeded substrates are then subjected to a microwave plasma as-
sisted CVD process with hydrogen methane mixture at high temperature. Negatively
charged SiV centers are formed in Situ and incorporated into the nanodiamonds due
to the presence of silicon atoms from the nearby silicon-containing substrate. Similar
methods have been employed earlier to create fluorescent nanodiamonds containing
single NV centers [38], which paved the way for many NV based quantum information

processing explorations.

3.2 Diamond-SiC hybrid structures

In one of our early works, we explored growing nanodiamonds on SiC substrates and
integrating diamond-SiC hybrid structures from the grown material.

For hybrid diamond-SiC structures, functionalized nanodiamonds are used as a
hard mask for pattern transfer into the 3C and 4H-SiC substrates, followed by sub-
sequent removal of a buried Si sacrificial layer in the case of 3C-SiC. This simple
technique results in high yield of devices containing SiV centers, avoiding the AFM
‘pick-and-place’ or film transfers. Moreover, combining two group IV semiconductors
- diamond and silicon carbide - could potentially address challenges in each individ-
ual material, including difficulty in fabricating planar photonic structures in diamond,
lack of doping for electrical devices, absence of second order optical nonlinearity in
diamond [39], and less developed quantum emitters in SiC [40, 41]. In addition,
diamond-SiC devices could benefit from the mature fabrication methods developed
for SiC, which has produced high quality factor optical microcavities [42, 43]. Finally,
the method we describe in this section allows for positioning of diamond relative to

SiC structures, as diamond itself is used as an etch mask.

3.2.1 Growth and fabrication

High quality nanodiamond crystals and diamond films are CVD grown on SiC and
bulk diamond substrates, respectively, starting from diamondoid seeds covalently at-

tached to a SiC or diamond surface (Figure 3.1(a)). Diamondoids are a class of
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face-fused adamantane (CjoHig) building blocks whose extension eventually leads to
macroscopic diamond [44]. The lower diamondoids are adamantane (C19H14), diaman-
tane (Cy4Hgg) and triamantane (CigHay), while the higher diamondoids begin with
isomeric tetramantane (CoHog) and pentamantane (CygHss). Unlike typical detona-
tion diamond used to seed diamond CVD growth, diamondoids are free from nitrogen
and graphitic impurities, with a precisely known molecular structure like most other
small organic molecules. Diamondoids have been applied to diamond growth[45],
electron imaging[46] and electron emission devices[47]. Here, we covalently bond
7-dichlorophosphoryl[1(2,3)4]pentamantane as a seed for high quality growth of fluo-
rescent diamond nanoparticles and to form a bond between heteroepitaxial diamond
layer and substrate.

The growth of the diamond is illustrated in Figure 3.1 (b). First, an oxide layer is
generated on the substrate with exposure to oxygen plasma for 5 min at 400 mTorr
pressure and 100 W power. For the devices presented in this section, bulk 4H-SiC
wafers (purchased from Cree) as well as heteroepitaxial 3C-SiC(100) thin films (! 150
nm) grown on Si (100) via a standard two-step procedure were used[48]. The sample is
then soaked in toluene solution containing 1mM 7-dichlorophosphoryl[1(2,3)4] penta-
mantane. This process results in the generation of a covalently attached [1(2,3)4]pen-
tamantane monolayer on the silicon carbide samples. From here, the sample is placed
in a CVD reactor for the ‘nucleation step’ (gas mixture Hy: 5 scem, CHy: 10 scem,
Ar: 90 sccm, substrate temperature: 450 °C, microwave power: 300 W, pressure: 23
Torr) for ! 20 min to enhance nucleation density observed from diamondoids. After
nucleation, a ‘growth step’ (gas mixture Hy: 300 scem CHy: 3-7.5 scem, substrate
temperature: 830 °C, microwave power: 1300 W, pressure: 30 Torr, 1-2.5% CH, in H,
carrier gas) is performed, with growth times calibrated to desired nanoparticle size.
High quality diamond crystals with grain sizes ranging from 500 nm to 2 um can be
seen in the scanning electron microscope (SEM) images in Figures 3.1(c) and (d).
As will be discussed below, in PL experiments we observe the presence of SiV in the
as-grown nanodiamonds. They were incorporated during the ‘growth step’ through
diffusion of Si atoms from the plasma etching of SiC substrate, without need for sub-

sequent annealing or ion implantation. Our growth approach does not degrade the
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3.2. Diamond-SiC hybrid structures

quality of the transition lines of the SiV center, and leads to properties comparable
to SiV in bulk diamond [49]. Although we don’t have control over lateral positioning
of SiV centers in our growth approach, as opposed to ion implantation, we do have
control over their vertical positioning, which enables us to grow SiVs only within ! 10

nm thick diamond layer at a chosen depth.
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Figure 3.1: (a) Molecular structure of 7-dichlorophosphoryl[1(2,3)4]pentamantane.
(b) Schematic of 7-dichlorophosphoryl[1(2,3)4|pentamantane on an oxide layer formed
on top of SiC substrate. (c) Scanning electron micrograph (SEM) of 500 nm diameter
nanodiamonds grown on 4H-SiC substrate. (d) SEM of a micrometer size diamond
on 3C-SiC substrate.

The process flow for fabricating hybrid diamond-SiC devices is shown in Figure
3.2. First, high quality nano- and micro-diamond doped with SiV was grown on 3C-
and 4H-SiC as described above. The high quality of the seeding and growth process
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ensures optical quality of the fabricated structures, as will be demonstrated in the
PL measurements below. Then, the diamond particle shape was transferred into the
substrate through anisotropic etching of the substrate using the diamond crystals as
the etch mask. Lastly, any additional processing (e.g., undercutting in case of 3C-
SiC on Si substrate, or thinning in case of 4H-SiC) can be performed. As a proof
of concept, we have applied this approach to generate two different types of hybrid
diamond-SiC nanophotonic structures: (i) diamond - 4H-SiC nanowires (also applica-
ble to 3C-SiC) and (ii) diamond-3C-SiC hemispherical microdome (akin to whispering
gallery mode resonators). For the diamond - 4H-SiC nanowires, approximately 500
nm diameter diamond nanocrystals were first grown on 4H-SiC, and then used as
hard mask to etch the underlying substrate using inductively coupled plasma (ICP)
etching with HBr/Cly chemistry, as illustrated in Figure 3.2(a). The SEM image of a
diamond - 4H-SiC nanowires is shown in Figure 3.2(b). Alternatively, for fabricating
the diamond-3C-SiC microdome structures, diamond microcrystals with diameters
I' 2um were first grown on 150 nm thick 3C-SiC epitaxial film on Si. Then, the pat-
tern of randomly distributed microdiamonds was transferred through 3C-SiC using
the same etch recipe as above, followed by undercutting the sacrificial Si using the
XeFy vapor phase silicon etcher, as illustrated in Figure 3.2(c). The SEM images of

diamond - 3C-SiC microdomes are shown in Figure 3.2(d) and (e).
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Figure 3.2: (a) Process flow for fabricating diamond SiC nanowires through hard
mask pattern transfer. The red dots represent the silicon vacancy centers in the
diamond nanocrystals. (b) SEM image of a typical nanowire. (c) Process flow for
hybrid diamond - SiC microdome structures fabricated through hard mask pattern
transfer. (d) SEM image of a typical microdome structure. The high-quality diamond,
as well as the heteroepitaxial interface are visible. (e) SEM image of an ensemble of
microdome structures.

3.2.2 Optical characterization

The presence of SiV centers in all described structures is confirmed by scanning
confocal microscopy measurements. The custom made laser scanning confocal micro-

scope consists of 532 nm continuous wave (CW) pump laser focused onto the sample

20



3.2. Diamond-SiC hybrid structures

through a high numerical aperture NA = 0.75 microscope objective, as shown in
Figure 3.3(a). The photoluminescence (PL) is collected through the same objective
and is sent into a single mode collection fiber with a dichroic mirror. A scanning
galvanometer in the common path of the pump and collection scans the focal spot
across the sample surface. This allows producing PL maps of the sample, as well
as addressing individual devices using the scanning mirror. The collected emission
is directed onto an avalanche photodiode (APD) for generating the PL map, or a
high-resolution spectrometer for spectral characterization.

A typical laser scanning confocal microscope image for hybrid diamond-SiC nanowires
is shown in Figure 3.3(b) (similar PL maps were obtained for nanodiamonds as well
as SiC microdomes). The bright areas with high count rates indicate the presence
of randomly distributed nanodiamonds containing SiV centers in described photonic
structures. The room temperature PL spectrum of a typical diamond-SiC nanowire
is presented in Figure 3.3(c) and exhibits a narrow emission peak at 738 nm, cor-
responding to the emission from SiV centers embedded in the diamond. Similar
spectra were observed prior to the fabrication of the photonic structures. Therefore,
this confirms that the SiV centers in the nano- and micro-diamond crystals before
the fabrication process are retained in the photonic structures post-fabrication. The
low temperature PL spectra of SiVs in nanodiamonds grown on SiC can be seen in
Figure 3.4. In this hybrid system at low temperature, SiVs feature multiple emitter
lines and strain induced spectral shifts in transitions, likely resulting from the lattice
mismatch between the SiC substrate and diamond grown on top. Growth of such
hybrid systems on substrates that have a better lattice match to diamond could be a
route to addressing this issue, or use all diamond homoepitaxial systems as described

in later chapters.
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Figure 3.3: (a) Laser scanning confocal microscopy set-up for the photoluminescence
measurement. (b) Laser scanning confocal microscope image of the diamond-SiC
nanowires shown in Figure 3.2(b). This is representative of the scanning confocal
microscope images for all the diamond nanocrystals and diamond-SiC (3C and 4H
polytype) structures. (c) Typical PL spectrum of a diamond-SiC nanowire at room
temperature, as observed on diamond nanocrystal or diamond-SiC hybrid structures.
The PL signature at 738 nm is the emission signature of SiV centers.
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Figure 3.4: (a) Low temperature PL emission spectrum of a 200 nm nanodiamond
on 4H-SiC. (b) Low temperature PL emission spectrum of a diamond-SiC nanowire
as described in Figure 3.3. In this hybrid system at low temperature, SiVs feature
multiple emitter lines and strain induced spectral shifts in transitions, likely resulting
from the lattice mismatch between the SiC substrate and diamond grown on top.

3.3 Nanodiamond on SiC microdisks

In a more recent work[25], we develop a scalable hybrid photonics platform which inte-
grates nanodiamonds with 3C-SiC microdisk resonators fabricated on a silicon wafer
(Fig. 3.5). The nanodiamonds host SiV and Cr-centers whose emission couples to
high quality factor whispering gallery modes (WGMs). The diamondoid-seeded CVD
technique results in high yield and preferential positioning of color centers relative to
the resonant mode. Up to 60% of microresonators host nanodiamonds and in over
80% of instances the nanodiamonds are located at the outer edge of the disks. The
similarity in the refractive indices of diamond and silicon carbide facilitates penetra-
tion of a microdisk’s evanescent field into the nanodiamond, resulting in an increased
field overlap compared to what would be achievable in III-V substrates of similar
design. As a proof of concept of a functioning hybrid group-IV photonics platform

incorporating diamond color centers, we demonstrate up to five-fold enhancement of
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SiV and Cr-center emission.
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Figure 3.5: (a) Model of the hybrid silicon carbide-nanodiamond microresonator with
a shared whispering gallery mode. (b) Growth and fabrication process for generating
arrays of hybrid microresonators resulting in a preferential positioning of color center-
rich nanodiamond at the periphery of silicon carbide microdisks on a silicon wafer.

3.3.1 Growth and fabrication

The production of hybrid microresonators is based on the growth of group-IV mate-
rials on a silicon wafer (Fig. 3.5(b)). First, a 200 nm thick 3C-SiC layer is grown
heteroepitaxially on (001)-Si using a two-step CVD method [50]. Microdisks with di-
ameters varying from 1.8-2.4 um are lithographically defined and processed in plasma
and gas phase etchers [43], etching through silicon carbide and releasing most of the
underlying silicon. Our goal is to deposit very small and pure color-center-rich nan-

odiamonds on top of the microdisks; therefore, we choose diamondoid as the best
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3.3. Nanodiamond on SiC microdisks

seeding candidate for the subsequent step. The microdisks are first exposed to oxy-
gen plasma in order to generate an oxide layer. The seeding of [1(2,3)4] pentamantane
diamondoids is covalently bonded to the oxidized surfaces of SiC microdisks via phos-
phonyl dichloride linkers for nanodiamond growth in a CVD chamber[19]. Due to the
charge concentration at the edges of the structure, the CVD plasma is denser around
the ring-edge of the microdisk; as a result, the nanodiamonds that grow on microdisks
are preferentially, in over 80% of instances, positioned in the outer 30% of the radius
in the vicinity of the whispering gallery modes (WGMs).

The seeding diamondoids are relatively prone to destruction and detachment from
the substrate at high temperature and dense plasma during nucleation and etching.
To overcome that, we modify the CVD growth to a two-step process. The surface
of the microdisk was exposed to oxygen plasma for 5 minutes at 300 mTorr pressure
and 100 W power. The diamondoids of [1(2,3)4] pentamantane as the seeding were
covalently attached on the oxidized surfaces of SiC microdisk via phosphonyl dichlo-
ride bonding with SiO,. The subsequent nanodiamond CVD growth process consists
of two steps, one responsible for nanodiamond nucleation and the other determining
the final nanodiamond size. The nucleation step is performed at 400 W power of Ar
plasma, 350 °C stage temperature and 23 mTorr pressure for 20 minutes. The flow of
gases is: 5 scem Hy, 10 scem CHy4 and 90 scem Ar. The duration of the second growth
step varies between 15 and 45 minutes with 300 sccm Hy, 0.5 scem [CHy/SiHy(1%)]
at 1300 W power of hydrogen plasma and 650 °C stage temperature.

SiV and Cr-related color centers are simultaneously generated as a result of in-situ
doping with a controlled flow of silane [19] and by the uncontrolled doping with the
residual chromium present in the chamber. The duration of the CVD growth defines
the size and density of nanodiamonds on chip, as well as the number of color centers.
The growth time t is varied between 15 and 45 minutes. The smallest nanodiamonds
are in the range 60-100 nm, and occur with 8% yield, while the largest nanodiamonds
are 330-380 nm in diameter and had 60% yield, often resulting in multiple particles
per microdisk (Fig. 3.6).

25



3.3. Nanodiamond on SiC microdisks

a g 15 min, yield: 8% b s 30 min, yield: 12% c ts 45 min, yield: 60%

Sum S5 um

dyp: 60 - 100 nm dyp: 120 - 180 nm dyp: 330 - 380 nm

500 nm

) El
A L ]
- -
a o

PLjau)

7 , "\
AW L‘ ,,uL_Jd'aUu‘\uu |

1%

L - reo
wavelength [nm)]

™ 740 760 10

% o T4 1%
wavelength [nm] wavelength [nm]

Figure 3.6: SEM images and photoluminescence signal at T = 10 K of three gener-
ations of hybrid silicon carbide-nanodiamond microdisk arrays. The variable growth
time t¢ of a) 15 min, b) 30 min and c) 45 min determines the density of nanodiamonds
on the chip, their diameter dyp and number of embedded color centers Noe. Pho-
toluminescence spectra comparison between resonators with and without diamond
indicate the presence of whispering gallery modes with ! 1 nm linewidth.

3.3.2 Radiative enhancement

Next, we investigate fluorescence enhancement in the color centers induced by the
radiative coupling to a WGM. We first investigate at 7" = 4 K a microdisk with a
small nanodiamond hosting a single color center at 737 nm and exhibiting a nearby

resonance initially at 734 nm. Photoluminescence spectra are collected under 720 nm
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Figure 3.7: Photoluminescence of a hybrid microdisk with a 80 nm nanodiamond as
the WGM is tuned across an SiV emission line. A three-fold enhancement in color
center emission is observed under resonant condition relative to the off-resonance
condition. The red dot and the blue line mark the wavelengths of the WGM and the
color center line, respectively.

excitation using an NA = 0.9 objective, a confocal microscope and a spectrometer
in front of a Si CCD. Using the argon gas condensation tuning technique (details
described in Chapter 6), we continuously red-shift the resonance bringing it into and
then out of the resonance with the color center by changing the effective refractive
index of the device. The photon count of the color center emission gets enhanced
threefold at the resonant condition (Fig. 3.7) confirming that the coupling between
a WGM and the color center is possible.

An in-house finite-difference time-domain (FDTD) code was used to model hybrid
microdisks. The FDTD simulations indicate that the microresonators’ high quality
factor, small mode volume and high electromagnetic field presence in the nanodia-
mond can facilitate color center emission Purcell enhancement of F' < 8 (simulation
details see [25]). The collection efficiency of light emitted from nanodiamond color
centers with several different positions and three dipole orientations varies within
a *35% margin between the on- and off-resonance condition. Comparing the two
modeling predictions to the experimentally observed 2- to 5-fold increase in the color
center signal, we conclude that the Purcell enhancement is a likely cause of the color

center signal increase. The demonstrated enhancement of color center emission is a
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3.4. Vertical growth of nanodiamonds

proof of concept of a functional incorporation of diamond color centers into a group-IV

photonics platform.

3.4 Vertical growth of nanodiamonds

Although it was previously shown that CVD diamonds can be grown from penta-
mantane [19], the methodology was far from optimized. The combined variables of
substrate temperature, plasma concentrations, and etching rate of MPCVD growth
leads to a very large possible parameter space over which to optimize. To explore
a much greater range of conditions, we developed a novel substrate arrangement for
CVD growth in which the substrate is rotated 90° from the conventional setup. In
this configuration, the substrate and seeds are exposed to systematic variations in
plasma density, local temperature, and different growth conditions that help rapidly
identify optimal growth conditions. In addition to providing a means for high-purity
nanodiamond growth, the methodology provides a simple and reproducible approach
for introduction of color centers including SiV and Cr-doped nanodiamonds by intro-

ducing the dopant impurities into the plasma during growth.

3.4.1 Growth and results

A self-assembled monolayer of [1(2,3)4]-pentamantane diamondoids was chemically
bound to oxidized surfaces of N-type %00" silicon wafers via the reaction of 7-
dichlorophosphoryl[1(2,3)4]-pentamantane with the surface oxygen atoms to form
strong phosphonate linkages according to a previously described method [51]. Di-
amond was grown in a microware-plasma CVD (MPCVD, Seki Diamond Systems
SDS 5010) with Hy, 300 scem; CHy, 0.5 scem; stage temperature, 350 °C; microwave
power, 400 W; pressure, 23 Torr. To maintain the substrate in a vertical position, we
stood the wafer with diamondoid perpendicularly on a molybdenum substrate holder

by the two Si-wafers on both sides.
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pentamantane
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N
Figure 3.8: Schematic illustration and a photo of the vertical-substrate MPCVD
diamond growth. [1(2,3)4]-Pentamantane was chemically bonded to oxidized surfaces
of silicon wafers via phosphonyl dichloride, and then the substrate is rotated 90°

to a vertical configuration for MPCVD diamond growth. The hydrogen plasma is
concentrated on the top edge, as shown in the figure.

The silicon wafer’s vertical orientation yielded a wide range of growth conditions
resulting in higher-quality diamonds with better seeding density than using a hori-
zontal substrate (Figure 3.8). The MPCVD was operated at low stage temperatures
(350 °C) and low plasma intensity (400 W), with the top-edge of the silicon wafer (8
mm high, 6 mm wide, and 0.5 mm thick) acting as a plasma antenna. It is important
that the substrate is at least semiconducting, as insulating materials fail to act as
an antenna and the advantage of the vertical growth method is lost. These varied
conditions are in contrast with conventional direct plasma CVD diamond growth con-
dition where the stage temperature is typically greater than 850 “C and microwave
power greater than 1.3 kW. Such conditions were found to be too harsh for opti-
mal diamond growth from pentamantane seeds. The vertical geometry generates a
temperature and plasma electron density gradient along the substrate, allowing the
seeds to be exposed to different conditions from top to bottom of the wafer. In ad-

dition, simulations described in reference [18] show that the concentration of atomic
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3.4. Vertical growth of nanodiamonds

hydrogen in the plasma also changes along the length of the vertical substrate.
Representative scanning electron microscope (SEM) images of diamond growth
along the length of the wafer show a systematic trend in crystal morphology and
diamond particle density. The results of SEM images in Figure 3.9(a) show that
the diamond particles are more numerous but polycrystalline near the top of the
wafer, evolving into well-faceted, single-crystal particles near the bottom of the sili-
con substrate. The seeding density along the vertical axis and across the width of the
substrate was roughly consistent, ! 800 = 100 diamond particles per mm?, though
under certain conditions higher seeding densities were possible. The highest quality
diamond nanoparticles occurred 2-3 mm from the bottom of the wafer (Figure 3.9(a))
and showed single crystal faceting and a very sharp 1332 cm™! sp3 Raman peak with
the full width at half-maximum (fwhm) line-width of 5.75 cm™" (red spectra of Figure
3.9(b), 2 mm from the bottom of the substrate). A relatively large fraction (37%)
of the diamonds at this location were of high-quality, with faceted crystal morpholo-
gies and a sharp sp3 Raman peak. The mean line-widths of these nanoparticles was
5.60 = 1.04cm™! | similar to thin-film diamond[52] and significantly less than most
nanoparticles. The narrowest line-widths observed were 3.51 cm™! , remarkably close
to the 3.0 cm™! line-width typically seen in bulk diamond [53]. Interestingly, poly-
crystalline particles or those with visible defects had higher line widths than similarly
sized, faceted single crystals, suggesting crystalline defects were at least partially

responsible for line width broadening.
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Figure 3.9: Characteristics of diamond crystal at different heights of the substrate
(Si-wafer). (a) The morphology of diamonds was changed along the different height
of Si-wafer substrate; scale bar: 1 ym. (b) Raman spectra of diamond samples from
different substrate heights. The diamond peak of sp3 is at 1332 cm™! , and the line
width of Raman fwhm is 5.75 cm™' at the height of 2 mm. The Raman peak of 1435
cm ! is most likely transpolyacetylene.

A bright-field transmission electron microscope (TEM) image taken on a single
crystal silicon TEM grid, its fast Fourier transform (FFT) lattice spacing, and the
selected area electron diffraction (SAED) ring pattern of a 10 nm diameter nanodia-
mond are all consistent with a dislocation-free, high-quality diamond nanocrystal.

A series of computer simulations of the growth conditions of the vertical-substrate
MPCVD were performed using the commercial software COMSOL Multiphysics.
Modeling results suggest that the plasma electron density is concentrated on the
top-edge of a vertically placed Si-wafer, consistent with visual emission observations.
This creates a gradient in ionic methane concentration, atomic hydrogen concentra-
tion and temperature along the vertical axis, the latter of which was confirmed by
infrared pyrometer readings. We believe the higher atomic hydrogen concentration
with concomitant higher carbon etch rates leads to the higher quality nanodiamond

in the lower portion of the wafer.
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3.4. Vertical growth of nanodiamonds

3.4.2 Optical Characterization of Color Centers

The Si and N dopants were incorporated during the CVD plasma growth process.
These elements could be introduced either through addition of reagent gases (Ny or
SiH,) or through etching of a Si substrate during vertical CVD growth. Thus, using
silicon or silicon carbide (SiC) substrates during the CVD process resulted in the
growth of diamonds with SiV color centers without additional Si sources in the feed
gas.

An important aspect of the color center behavior is correlating nanodiamond size
and morphology with the optical properties. For this, scanning confocal microscopy
described earlier in this chapter was employed.

Representative results of confocal photoluminescence and SEM imaging of three
diamond nanoparticles are shown in Figure 3.10(a-b), respectively. SiV centers in
nanodiamonds with low crystal strain should exhibit four ZPLs at cryogenic temper-
atures (<40 K). At 4.5 K, we found that the PL spectra of a 75 nm diameter single
crystal nanodiamond shows more than four transitions, indicating that more than
one color center could be incorporated in these small nanodiamonds (Figure 3.10(c)).
The lifetime of these SiV color centers (ND 1) is about 0.602 £ 0.008 ns as shown in
Figure 3.10(d). This result is close to the literature value of 0.7-1.2 ns [49].
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Figure 3.10: Optical characterization of SiV color centers in nanodiamonds grown
by vertical-substrate MPCVD. (a) Scanning confocal photoluminescence map of nan-
odiamonds containing SiV on a silicon carbide substrate (nitrogen-doped 6H-SiC),
correlating with the (b) SEM image of the same region. Scale bar: 10 ym. (¢) High-
resolution photoluminescence spectrum of the fine structure lines of SiV color center
in ND 1 at 4.5 K; the multiple peaks indicate several color centers in this particle.
Inset is SEM image of ND 1 under high magnification, with the single crystal facets
clearly showing. Scale bar: 50 nm. (d) Time resolved photoluminescence of ND1
with a fitted lifetime of 0.602 £ 0.008 ns at room temperature, implying substrate
quenching on some of the photoluminescence.
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Chapter 4
Scalable on-chip diamond platform

Deterministic positioning of individual quantum emitters with nearly identical prop-
erties is an outstanding challenge towards large scale quantum hardware. Recent tech-
nological leaps have enabled the development of high quality site-controlled quantum
dots that have attracted a strong interest for their potential use as building blocks
in scalable quantum hardware[54, 55|, yet the inhomogeneous broadening of such
emitters still imposes limitations towards large scale integration.

In this and following chapter, we describe our work on creating regular arrays
of diamond nanopillars containing individual SiV centers with high yield and spec-
tral stability, using diamond grown by chemical vapor deposition (CVD) followed
by electron-beam lithography and dry etching to generate the nanophotonic struc-
tures. Taking advantage of the exceptional properties of SiV centers in diamond, we
use this promising platform to demonstrate complete SU(2) coherent control of the
optical transition of single SiV centers in nanopillars using ultrafast optical pulses,
enabled by the high post-fabrication spectral stability of the SiV centers. The ability
to coherently control an isolated low strain SiV center on a picosecond timescale,
in a nanostructure tens of nanometers from the diamond surface, paves the way to-
wards scalable on-chip integration of these diamond-defect centers into nanophotonic
devices for highly scalable quantum hardware. This work is published in reference
[56].
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4.1 Growth and Fabrication

The sample is grown by microwave plasma chemical vapor deposition (MPCVD)
method on a high purity type Ila diamond substrate from Element Six. Nominally,
a 100-nm-thick layer of diamond containing SiV is grown homoepitaxially on the
diamond substrate, as illustrated in Figure 4.1, with the following growth conditions:
H2: 300 sccm, CH4: 0.5 scem, stage temperature 650 °C, microwave power 1.3 kW,
and pressure: 23 Torr. The silicon atoms are generated from the hydrogen plasma
etching of the silicon wafer (8 mm by 6 mm) that is placed under the diamond
substrate, and SiV centers are subsequently formed through silicon incorporated into

the grown layer by plasma diffusion.

Microwave CVD Plasma

100 nm

Figure 4.1: Ilustration of the homoepitaxial diamond growth.

Following growth, a pattern of 8 by 8 arrays of diamond nanopillars with inter-
leaved crossbars is exposed in a hydrogen silsesquioxane (HSQ) mask using electron-
beam lithography. The crossbars are added as markers to help locate the nanopillars
under white light imaging. Lastly, an oxygen-based reactive ion etching (RIE) trans-
fers the pattern into the diamond, and the HSQ mask is removed in hydrofluoric acid,
resulting in bare diamond pillars. The bare nanopillars are 135-170 nm in diameter
(D in Figure 4.2) and 200 nm in height (h in Figure 4.2), and the design choices of
the doped layer thickness, pillar height and pillar diameter were based on the SiV
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4.2. Photoluminescence

density to produce ! 1 SiV per pillar. Scanning electron microscope (SEM) images
of a nanopillar array and a single nanopillar are shown in Figure 4.2(a) and Figure
4.2(b), respectively. In addition to the arrays, we have incorporated large square
areas on the same sample to produce a minimally strained bulk environment that

yields an ensemble of SiV centers comparable to those in bulk diamond.

Figure 4.2: (a) Scanning Electron Microscopy (SEM) image of a nanopillar array.
Scale bar, 5 4 m. (b) SEM image of a 165 nm diameter, 200 nm tall nanopillar. Scale
bar, 400 nm.

4.2 Photoluminescence

We then perform photoluminescence (PL) characterization of the SiV centers in
nanopillars.

The photoluminescence (PL) spectrum at 10 K of the single SiV in the nanopil-
lar, as plotted in red, is superposed with the PL from an ensemble of SiVs in bulk
diamond, as plotted in black in Figure 4.3. The SiV center in the nanopillar show
low spectral shifting compared to those in low-strain bulk diamond, with the energy
of each transition lying within the inhomogeneous distribution of the SiV ensemble
in bulk. This implies that the strain in the pillar is relatively small.

The height of the nanopillars is greater than the thickness of the epilayer con-
taining the SiVs, such that after the etching, the SiV centers are confined in the
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Figure 4.3: Photoluminescence spectrum from a single nanopillar (red) compared
with that from SiV ensemble in bulk diamond (black).

nanostructures masked by the negative tone resist. This is confirmed by scanning
confocal microscopy of the sample surface, as shown in Figure 4.4. The custom-made
laser scanning confocal microscope consists of a 532 nm CW laser focused onto the
sample surface through a high numerical aperture (NA = 0.75) microscope objective,
while the photoluminescence (PL) from the excited spot is collected through the same
objective, filtered by a dichroic and a long pass filter, into a single mode fiber. The
excitation/collection spot is scanned across the sample surface with a fast steering
mirror. The PL signal is sent either to a single photon counting module (SPCM)
for construction of the PL map (Figure 4.4) or to a high-resolution spectrometer for
spectroscopic analysis (Figure 4.3). In the PL map of a representative portion of
a nanopillar array on a higher SiV density sample in Figure 4.4, the crossbars and
nanopillars containing SiV centers produce high photon count rates under 532 nm
laser excitation, and the photoluminescence (PL) spectra from these areas confirm
the presence of SiV centers while the spectra from the background areas show no SiV

emission (not shown).
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Figure 4.4: Scanning confocal microscopy map of a representative portion of a nanopil-
lar array on a higher SiV center density sample. The bright areas with higher photon
count rate correspond to the areas containing SiV centers, while the background is
SiV center free. The count rates observed in the nanopillars is ! 500-1000 cps.

4.3 Single SiV with high yield

The fabricated nanopillar arrays contain isolated single SiV centers with high yield.
A statistical study of the PL spectra was conducted on several arrays, one of which
is presented in Figure 4.5 in this section. Marked with green circles are the pillars
containing a single emitter, and in red are the ones with two or more emitters. As
shown by the PL spectra on top, in the case of more than one emitter per nanopillar,
due to the inhomogeneous distribution and in some cases the presence of strain,
the spectra contain distinguishable sets of four transitions associated with each SiV
center. Therefore, by counting the number of narrow lines in each PL spectrum, one
can estimate the number of color centers in each nanopillar. Out of the 64 nanopillars
investigated within an entire array, 40, 20 and 4 nanopillars contain 0, 1, and 2 SiV
centers per pillar, respectively, consistent with a Poisson distribution with an average
value of 0.44. Out of the 64 nanopillars investigated within the entire array, 31.3%

contain a single SiV while 6.3% contain two or more SiV centers.
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Figure 4.5: Statistical study of the SiV center distribution in the nanopillars by
PL spectroscopy. The green (red) circles indicate the nanopillars containing single
(double) SiV centers, while the PL spectra of typical single and double SiV centers
in the nanopillars are shown in the insets above.

4.4 Second order coherence

How do we verify that we have single photon emitters in these nanopillars? One can

experimentally verify this by measuring the second order degree of coherence function,
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with the mathematical expression of [57]

W) (r , ) ECN(r t + 1) ED(r t +7)EC)(r t)"
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(4.1)

where E)(rt), EC)(r,t) are the positive and negative frequency parts of the field
operator E(r,t): E(r t) = E®(r t)+ E)(r ).

Single photon sources are fundamentally different from the other sources such as
the sunlight or laser. For thermal light sources such as incandescent light bulb or the
sun, photons are more likely clustered together, causing ¢ (0) > 1, whereas for laser
light, the photon arrival time follows Poisson statistics, and the arrival of one photon
has no bearing on the arrival time of other photons. However, for single photon
sources, since they cannot emit more than one photon at a time, and once an emitter
emits a photon, it needs to be re-excited before emitting another single photon again
over the timescale of its decay lifetime, photons more evenly spaced out in time. As
a result, ¢ (1) = 0. The same applies if we were to excite the single photon source
with periodic excitations.

The second order coherence function is typically measured in a Hanbury Brown-
Twiss set-up. In this set-up, the stream of photons are split by a 50/50 beamsplitter,
and two photodetectors monitor each of the outputs. Only the time differences be-
tween the detection events are usually registered and binned together in a histogram,
as shown in Figure 4.6. Using a time-to-amplitude converter, time differences can be
measured very precisely. The measured distribution of coincidences is proportional

to ¢ (1) function.

4.4.1 ¢@(r) results

Measuring the second-order autocorrelation function ¢(®(7) confirms the quantum
nature of light emitted by the individual SiV centers in nanopillars (Figure 4.6). In
the representative ¢g®(7), the SiV center is excited above saturation, and the signal
is fitted with

It _ 1t
!

gD (r) =1& (1 +a)e 1 +ae 2, (4.2)
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yielding ¢ (0) = 0.29. This result is convolved with the measured instrument re-
sponse function (IRF). Deconvolution of the instrument response function from the
g?(7), as shown by the green curve in Figure 4.6, yields ¢®(0) = 0.04 for an ideal
instrument response, which indicates that the timing jitter of the detector largely
accounts for the non-ideality of the second order correlation measurement.

g?(0) = 0.5 is indicated by the dashed line in Figure 4.6, which is a criterion
used to qualify for a single photon source. The measured ¢®(0) = 0.29 < 0.5, which
confirms that theres indeed single photon emitters when we observe four individual

lines in the SiV center in the PL spectra.
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Figure 4.6: Second-order autocorrelation function ¢?)(7) of the coherently controlled
SiV center, yielding ¢®(0)= 0.29 after convolving the fitted function with the in-
strument response function (black), and ¢®(0) = 0.04 with the instrument response
function deconvolved from the fit (green).
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4.5 Spectral overlap and inhomogeneous distribu-
tion

Within the 8 by 8 array reported in Figure 4.5, several of the nanopillars with individ-
ual SiV centers contain minimally stressed emitters that show strong spectral overlap
irresolvable within spectrometer resolution, as shown in Figure 4.7. These spectra
demonstrate the potential for demonstrating indistinguishability between emitters in

this developed platform.
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Figure 4.7: Photoluminescence spectra of SiV centers from two pairs of nanopillars
show significant spectral overlap in the strongest emission transition, showing promise
for indistinguishable photons from different nanopillars. These nanopillars are from
the same 8 by 8 array shown in Figure 4.5.

To quantify the transition energy inhomogeneity in the nanopillars, we find the
photoluminescence spectrum of individual single SiV centers averaged over 300 nano-
pillars, contrasting that with the PL spectrum from SiV ensemble in bulk diamond,
as shown by the red and blue curves respectively in Figure 4.8. The inhomogeneous
distribution of transition C in the nanopillars containing single SiV (red curve) is
I' 38 GHz, whereas that in the bulk area (blue curve) on the same sample is ! 15

GHz. The spectrometer resolution limited linewidth of the single SiV center studied
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4.5. Spectral overlap and inhomogeneous distribution

in this work is 2.4 GHz.
The ground/excited orbital-state splittings for (i) bulk ensemble, (ii) the single

SiV center studied here, and (iii) the summation of many single SiV spectra are (i)
49.2/265 GHz, (ii) 79.6/276GHz, and (iii) 77.3/280 GHz, respectively. The energy
splittings for the bulk ensemble are similar to those previously reported for zero-strain

SiVs, while those in nanopillars are greater than the zero-strain SiVs, indicating the

presence of some level of strain.
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Figure 4.8: PL spectrum averaged over 300 nanopillars containing single SiV center
(red), compared with the PL spectrum from an ensemble in bulk diamond (blue).
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Chapter 5

Optical quantum control in

nanopillar

5.1 Coherent control scheme

Having identified the pillars with individual SiV centers in the previous chapter,
we then proceed with the demonstration of all-optical coherent manipulation of the
optical transition defined by the ground state [2" and excited state |4". On a Bloch
sphere representation, state |2" would be at the north pole, and state |4" would be at
the south pole, as illustrated in Figure 5.1(b).

At low temperature (10 K), the PL spectrum of the SiV center under investiga-
tion displays four narrow peaks (Figure 5.1(a)), corresponding to the four radiative
transitions between the two excited states and the two ground states as shown in the
inset of Figure 5.1. To manipulate the state of the SiV center, a linearly polarized,
spectrally filtered picosecond optical pulse is applied to resonantly drive transition
[4"# | 2". The spectral shape of the resonant driving pulse is shown as the blue shaded
area in Figure 5.1(a). Assuming a Gaussian pulse shape, the time-bandwidth product
limited pulse duration is 9.1 ps. The pulse coherently rotates the state between the
upper ground state |2" and the upper excited state |4", where we define these two
levels as our qubit. Because of fast phonon-mediated relaxation processes between

the two excited states, as shown by the grey arrow in the inset of Figure 5.1(a),

44



5.1. Coherent control scheme
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Figure 5.1: (a) Excitation and detection scheme of the coherent control experiment.
Transition |2"# | 4" of the single SiV center (our qubit) is resonantly addressed with
a pulsed Ti:Sapphire laser (blue shaded line), while the radiative emission from tran-
sition |3"# | 1" is detected through a double monochromator by an SPCM (yellow
shaded area). The inset shows the energy levels of the SiV center. The double-
sided thick blue arrow denotes the coherent interaction of the SiV with the resonant
pulses and the red wavy downward arrow denotes the detected photons coming from
transition |3"# | 1". (b) The Bloch sphere of representation of the qubit.

level |3" is populated proportionally to the population of level |4". A modulation of
the upper excited state population thereby modulates the fluorescence intensity of
transition |3"# | 1". Using the double spectrometer, we spectrally filter transition
|3"# | 1" which is used as the detection channel (yellow shaded area in Figure 5.1(a)).
Detection of a photon from this transition indicates that the system has been set to
state |1". Due to the short orbital relaxation time of the ground states of the SiV,
level |2" is thermally repopulated according to the Boltzmann distribution[27] and
a new qubit rotation between [4"# | 2" may occur. Because transition [3"# | 1" is
200 GHz away from our resonant pulses, this detection scheme enables us to take

full advantage of the double spectrometer and almost entirely suppress leakage of the
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5.2. Rabi oscillation

pulses in our detection channel. Moreover, to the best of our knowledge, this is the
first demonstration of coherent control of individual SiV centers in diamond through
direct detection of the SiV ZPL emission, while previous studies of the dynamics of

SiV center have been performed through collection of the phonon sideband[21, 22,
24].

5.2 Rabi oscillation

To demonstrate the rotation of the Bloch vector about x-axis on the Bloch sphere,

we first demonstrate Rabi rotation.
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Figure 5.2: Demonstration of Rabi rotations. Varying the area of the resonant pulses
rotates the qubit about the x-axis with a direct impact on the detected photon counts
from transition |3"$ | 1", which shows clear oscillations in detected photon counts as

a function of the pulse area.

The effect of the resonant pulses on the upper excited state population is shown in
Figure 5.2. The pulses induce Rabi rotations on our qubit, which leads to oscillations
of the detected photon counts as a function of the pulse area. The measured rotation

angle extends to 3w, as shown in Figure 5.2, with the solid red curve representing a
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5.3. Ramsey Interference

sinusoidal fit with a linear background proportional to the power due to leakage of
the resonant pulses into the detection channel. On the Bloch sphere (inset of Figure
5.2), this corresponds to a rotation of the Bloch vector about the x-axis, bringing the

qubit from the north (state |2") to the south pole (state |4") and back.

5.3 Ramsey Interference

To demonstrate rotation of the qubit about an arbitrary axis on the Bloch Sphere,
we proceeded with the demonstration of Ramsey interference.

A Ramsey interference experiment involves two m/2 pulses and a variable inter-
pulse delay 7 — the first pulse introduces a § = 7/2 Rabi rotation of the Bloch vector
about the x-axis, and the second pulse further rotates the Bloch vector by 6 = 7/2
about an axis that is at ¢ = wy7 from the x-axis, with 7 the delay between the
two pulses and wy, the frequency of the driven transition. For ¢ = 2nm, the second
pulse brings the Bloch vector to state [4", resulting in maximum counts, whereas for
¢ = (2n+1)7, the Bloch vector is brought back to state |2" and the resulting detected
counts are at a minimum. A continuous variation of the interpulse delay results in
a figure eight path on the Bloch sphere, with the two tips located at the north and
south poles of the sphere and the central cross point along the y-axis on the equator.
To avoid interference between the two /2 pulses, we tune the coarse interpulse delay
to 7! 66.7 ps, implemented using a Michelson interferometer with a motorized delay
stage in one arm for the coarse delay and a piezoelectric actuator in the other arm for
the fine delay. Ramsey interference is obtained with the piezoelectric actuator, which
introduces fine delays of the order of 10 fs, enough to resolve the oscillations at the
optical frequency. An example of the Ramsey interference at a coarse delay of 100.08
ps is shown in the inset of Figure 5.3. The oscillations are fitted with a sinusoidal
function, from which we extract the contrast of the oscillations for the particular

coarse delay.
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Figure 5.3: (a) Ramsey interference for coarse interpulse delays ranging from 66.7 to
667.2 ps. At each coarse delay, we record the Ramsey interference by varying the fine
delay over 10 fs, and then fit it with a sinusoidal function as shown in the inset. The
fitted amplitude of the Ramsey interference at each coarse delay is shown by the red
envelope. (b) Decay of the Ramsey fringe contrast extracted from the data in (a) (red
filled circles). The contrast decay is fitted with a single exponential decay function
that yields a decay time T,—f 240 ps for the qubit.

We note that a Ramsey experiment is a quantum interference phenomenon, and
therefore it is sensitive to both the frequency stability of the emitter and the phase
stability of the set-up — an interpulse delay fluctuation or emitter frequency shift man-
ifests itself as a phase shift in the Ramsey interference. Therefore, the high-quality
Ramsey interference in the inset of Figure 5.3 shows the stability of the quantum emit-
ters and the experimental set-up. Repeating this experiment for a series of coarse
delays (Figure 5.3(a), red filled circles) allows us to estimate the dephasing time T,
of the qubit. In particular, by fitting a single exponential decay function[58] to the
Ramsey interference contrast decay in Figure 5.3(b), we obtain 7)== 240 ps (red line,
exp(&t/Ty)) for this particular SiV, in good agreement with previously measured

values[59]. This is much shorter than the excited state lifetime of 1.7 ns at liquid
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5.4. SU(2) control

helium temperature, and can be attributed to the fast decay into the lower excited
state as well as any local strain in the material. The strain may induce a phase shift
and amplitude decrease in the averaged Ramsey interference fringes by distorting the
lattice and breaking the inversion symmetry, which makes the color center more sen-
sitive to the local electric field that may cause emitter frequency shift with respect to
the excitation laser frequency. In addition, the timescale of Ty 1s much larger than

the pulse duration, which ensures minimal impact of the pulse shape on the measured

T And visibility.

5.4 SU(2) control

To demonstrate universal single qubit gate operation, we performed complete coher-
ent control which allows for access to the entire Bloch sphere. Full SU(2) control of
our qubit is achieved through a slight variation of the Ramsey interference experiment
by driving the qubit with dual resonant pulses with both variable area and variable
delay. As with the Ramsey experiments, we performed the SU(2) control at 66.7 ps
coarse delay to avoid interference between the two pulses. After setting the ampli-
tude of both pulses, the fine interpulse delay is scanned over 10 fs while recording the
photon counts from the detection channel. The Ramsey-type interference experiment
is repeated for all accessible pulse powers, and the resulting photon count map as
a function of interpulse fine delay and individual pulse power is provided in Figure
5.4(a), showing the typical multi-lobed structure expected of complete coherent con-
trol of resonantly driven qubits. Quantum optics simulation of the SU(2) coherent
control using parameters extracted from the Rabi oscillation and Ramsey interference
is shown in Figure 5.4(a). The phase shift at higher pulse powers in the experimental
data is likely due to the residual spectral drift of the emitter during the several hours

of acquisition time for the SU(2) control experiment.
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Figure 5.4: (a) Experimental and (b) simulated SU(2) control of the upper excited
state population. Detected counts for dual pulse excitation with variable pulse area
and delay. Here, the angle of rotation per pulse on the Bloch sphere is varied with
the pulse area, while the axis about which the state is rotated is controlled with the
delay between pulses. The data were taken for a coarse interpulse delay of 66.7 ps.

5.5 Quantum optics simulation

We perform the modeling using the Quantum Toolbox in Python (QuTiP)[60]. We
model the system with a simplified model of a two-level system consisting of the
upper excited state and upper ground state with energy splitting wy. The driving
laser field is resonant with the two level system, w; = wy. The system is described

by the Hamiltonian

H = wy, [0" %] + (wo & wp) [1"%] + Q(|0" %] + 1" %)) (1 + e+ 2% (5.1)

where wgs = 0 is the ground state energy, 2 is the excitation laser field, and At is
the interpulse delay. The last term of the Hamiltonian corresponds to the interaction
between the field and the emitter. The dynamics of the SiV is solved by solving
the master equation in Lindblad form: % = +[p,H] 4+ L(p), where p is the density
matrix of the SiV, and L(p) is the Lindblad superoperator capturing the system
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5.5. Quantum optics simulation

relaxation due to coupling to the environment. The relaxation mechanisms include
the radiative decay from the excited state to the ground state with independently
measured y; = 1/77 = 0.58 GHz, an excited state dephasing rate +,, = 5 GHz, and
a power dependent excited state dephasing rate v, = 5 GHz.
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Chapter 6

Cavity-QED system for

spin-photon interface

As we recall from the introduction of the thesis, a quantum node consists of a quantum
emitter coupled to a cavity, and this coupling improves the fidelity of the transfer of
information between the local qubit and flying photons. In this chapter of the thesis,
we discuss our work to create a spin - photon interface by embedding the SiV centers
in an optical cavity.

The optical cavity architecture used in this work is a diamond “nanobeam” pho-
tonic crystal cavity, which is a nanoscale diamond waveguide with periodic holes
etched through. The holes act as Bragg reflector along the beam direction, and light
is confined in the transverse direction by total internal reflection. The quality factor
() of these optical resonators is typically several thousand, and the mode volume is
also quite small, of the order of ! 1 cubic wavelength in the material.

The SiV would be embedded in middle of the cavity in the diamond material.
This tight optical confinement allows us to localize field very strongly in the cavity
region to interact with the SiV over many optical cycles. With this coupled system,
we demonstrate strong Purcell enhancement of the ZPL emission from single SiV

centers. Details of this work were published in reference [9].
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6.1. Introduction to cavity quantum electrodynamics

6.1 Introduction to cavity quantum electrodynam-
ics

A resonant emitter-cavity system at frequency w is characterized by several important

parameters: the dipole decay rate ~, the cavity gnergy loss rate Kk = %, and the
! n n
individual emitter-cavity coupling rate g ! e "%" which inversely scales with

the square root of the mode volume of the cavity V' [61]. An illustration of the
system is shown in Figure 6.1. For solid state emitters at cryogenic temperatures,
the dipole decay rate is usually the smallest of the interaction rates in the system
v ' k,g. The light and matter interaction strength g depends on the electric field
at the location of the emitter E(r) relative to the maximum of the cavity field E,,q..
This implies that for the highest achievable coupling, the emitter should be positioned
at the cavity field maximum. Another aspect determining the coupling strength is
the Debye-Waller factor npy . Color centers with a large Debye-Waller factor, such
as SiV in diamond, where ! 70% of the radiative emission goes into the four ZPLs
combined, are promising for optimal coupling.

All the above important rates for the SiV-cavity system discussed in this chapter
are in the GHz regime, which allows the resulting devices to operate at GHz speed,
which is much faster compared to other types of systems such as superconducting
qubit systems. On the other hand, the ratio of the spin coherence time to operation
time (the time it takes to perform spin rotations) is larger than for superconducting

systems, implying the possibility of building larger depth quantum circuits.
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6.1. Introduction to cavity quantum electrodynamics

g ~ 1/4/V (SiV-cavity
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x=0/Q (cavity decay rate)
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Figure 6.1: An illustration of the cavity energy loss rate x, dipole decay rate vy, and
emitter-cavity coupling rate g for SiV-cavity coupled system.

6.1.1 Purcell effect

In the weak-coupling regime of the cavity QED system, the cavity decay rate k or
dipole decay rate v dominate over the coherent coupling rate g. Since the emitter
decay rate 7 is typically lower than the cavity energy decay rate x, the weak-coupling
is typically characterized by by g < k/4. In this regime, the radiative emission rate
of the quantum emitter is enhanced in an effect called Purcell enhancement. We can
define the ratio of the enhanced spontaneous emission rate relative to the spontaneous
emission rate in the same uniform dielectric medium as the Purcell factor F'. It can

be shown that the maximum Purcell factor is

pl_ 3
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A @
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6.2. The SiV-cavity coupled system

where )\ is the wavelength of the cavity mode, n is the refractive index of the dielectric,

@ is the quality factor of the mode, and V},,qe is the mode volume of the cavity mode.

6.2 The SiV-cavity coupled system

6.2.1 Optical cavity design

The nanobeam photonic crystal cavity features a triangular cross section as a result of
the fabrication process discussed in the next subsection. Like conventional rectangular
cross section nanobeams, the triangular waveguide confines light by total internal
reflection. The periodic holes confine light along the waveguide through distributed
Bragg reflection, while gentle perturbation to the periodicity near the center cavity
region forms discrete modes within the photonic bandgap.

The parameters of the nanobeam photonic crystal cavity were chosen to target
a fundamental cavity mode near the SiV center ZPL emission at A ! 737 nm. The
etch angle (0), width (w), lattice constant (a) and minor (longitudinal) elliptical
air hole diameters (dz) are 50°, 468 nm, 257 nm, 141 nm, respectively. The major
(transverse) elliptical air hole diameter (dz) tapers from 141 nm to 234 nm. The field
intensity profile simulations via finite-difference-time-domain (FDTD) methods are
shown in Figure 6.2 (b)-(c) The FDTD simulation yields a theoretical quality factor
of @ ! 10,000, and mode volume of V = 1.8(%)3, where n = 2.402 is the refractive
index of diamond.

The relatively large mode volume ensures that the field intensity is strong even at
a large distance from the center of the cavity. Figure 6.3 shows the normalized field
intensity inside the diamond along the nanobeam simulated with finite-difference-
time-domain (FDTD) method, with the peaks appearing in the dielectric (diamond)
region (we suppress the field in the holes in the plot for clarity). As shown in the
Figure, there are multiple local maxima for the cavity field. Even at distances as far as
1.3 pm from the global field maximum, we can reach a field intensity ! 67% of that at
the global field maximum. Therefore, the mode volume of our cavity accommodates

a large variation in emitter positioning while preserving relatively strong coupling
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6.2. The SiV-cavity coupled system

strength.
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Figure 6.2: (a) Scanning electron microscopy (SEM) images of a nanobeam photonic
crystal (PhC) cavity fabricated from single crystal diamond, with the inset showing
the angled-view of the cavity region. Scale bars in (a) and the inset: 5 pum and 1
pum respectively. (b) Electric field intensity profile of the fundamental cavity mode
of the photonic crystal cavity. (c¢) Cross-sectional electric field intensity profile of the
fundamental cavity mode of the photonic crystal cavity, taken at the center plane in
the x-direction.

Using a SiV density of 3( 10! cm™ from our previous work [56], we estimate that
on average 2.4 emitters per cavity experience > 67% of the maximum field intensity.
Therefore, the probabilistic positioning that we rely on is not significantly detrimental
compared to the state-of-the-art alternative SiV alignment methods [22]. This is also
consistent with our observed device yield (later in this chapter) where ! 50% of the

systems contain spectrally stable SiV centers with strong cavity enhancement.
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Figure 6.3: Normalized field intensity as a function of position along the nanobeam.
The line cut is taken through the field maximum point in the cavity. Here we have
suppressed the field in the hole regions since the emitters can only exist in the dielec-
tric material.

6.2.2 Device fabrication

Fabrication of emitter-cavity systems began with a single-crystal diamond plate (Type
ITa, < 1 ppm [N], Element Six), on which a nominally 100-nm-thick layer of diamond
containing SiV centers was grown homoepitaxially via MPCVD, as described in Sec-
tion 4.1. The following growth conditions were used: Hy: 300 sccm, CHy: 0.5 scem,
stage temperature 650 °C, microwave power 1.3 kW, and pressure: 23 Torr. Silicon
atoms are readily available in the growth chamber during this MPCVD step, due to
hydrogen plasma etching of a silicon carrier wafer placed underneath the diamond
substrate. SiV centers were subsequently formed in situ by silicon incorporation into
the evolving diamond layer via plasma diffusion. The same growth condition has

resulted in a SiV density of 3 ( 10 ¢cm™ on a different sample [56].
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6.2. The SiV-cavity coupled system

Figure 6.4: Fabrication process of the nanobeam photonic crystal cavities.

Nanophotonic cavities were fabricated in this silicon rich diamond using electron
beam lithography (EBL) followed by angled-etching [21] of the bulk single-crystal
diamond. First, the etch mask pattern is written in the electron beam resist hydrogen
silsesquioxane (HSQ) on the diamond substrate (step 2 and 3, Figure 6.4). The
pattern is then transferred into the diamond substrate during a standard top-down
anisotropic reactive ion etch step (step 4, Figure 6.4). Next, during the angled-etching,
the anisotropic oxygen plasma etching is directed at an oblique angle with respect to
the substrate, which releases the diamond nanobeams with triangular cross-sections
(step b, Figure 6.4). Lastly, the etch mask is removed in hydrofluoric acid, leaving
free-standing diamond nanobeams (step 6, Figure 6.4).

Figures 6.2(a) displays a zoomed-in top and angled view of a typical fabricated

nanophotonic cavity.
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6.3. Optical characterizations

6.3 Optical characterizations

6.3.1 Experimental set-up

The enhancement of the spontaneous emission rate from the SiV center was observed
in a confocal microscope set-up in a closed-cycle cryostat at ! 4K (Montana In-
struments Cryostation). The cavities were excited with a continuous wave (CW)
Ti:sapphire laser at 720 nm through a high numerical aperture objective (NA = 0.9),
and the photoluminescence is collected through the same objective. The spectrally
filtered photoluminescence in the 730-763 nm spectral window was sent either to
a high-resolution spectrometer for spectral characterization, or to a streak camera
(Hamamatsu C5680) or single photon counting module (SPCM) for the time resolved
photoluminescence measurement.

Time-resolved photoluminescence measurements were performed by exciting the
SiV using 710 nm picosecond pulsed Ti:sapphire laser. In the detuned case, the
luminescence from transition B was filtered through a monochromator (Princeton
Instruments Acton SP2750), detected by an SPCM, and then the temporal profile was
constructed by a Time-Correlated Single Photon Counting (TCSPC) system triggered
by the excitation pulses. In the resonant case, the cavity was tuned into resonance
with the individual optical transitions by gas condensation, and the spectrally filtered
PL emission in the 733-746 nm spectral region was sent to the streak camera for
construction of a time-resolved spectrograph.

The optical mode of the nanobeam photonic crystal is red-shifted by injecting
argon gas into the cryostat through a precision mass flow controller. The argon con-
denses onto the cold surfaces in the cryostat, thereby changing the effective refractive
index of the nanobeam photonic crystal cavity and red-shifting the cavity mode. As
the cavity is continuously tuned across the four transitions of the SiV center, the
emission intensities of the individual dipole transitions are strongly enhanced due to

coupling to the optical resonator.
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6.3. Optical characterizations

6.3.2 Photoluminescence

Optical characterization of fabricated devices was performed in a home built confocal
microscope setup at cryogenic temperatures (! 5 K). A low temperature photolumi-
nescence (PL) spectrum from a representative device under 720 nm laser excitation is
shown in Figure 6.5. Upon cooling to liquid helium temperature, four characteristic
optical transitions between spin-orbit eigenstates (labeled A to D in Figure 6.5) of
the SiV center are revealed. In the PL spectrum, the cavity mode is observed blue-
detuned from the SiV emission lines at ! 734.5 nm, with a @ ! 8300 extracted from
the full width at half maximum (FWHM).
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Figure 6.5: Low temperature photoluminescence (PL) spectrum of a SiV center and
the cavity mode. The four narrow lines correspond to the four optical transitions of
a SiV, as shown by the double arrows in the level structure in the inset. The cavity
mode is blue-detuned from the SiV emission at ! 734.5 nm.
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6.3.3 Resonant excitation

The linewidth of SiV optical transition C, measured by photoluminescence excita-
tion (PLE) technique, approaches ! 304 MHz (FWHM) as the excitation power
was reduced to minimize power broadening effects (Figure 6.6). This is 3.6 times
the Fourier-transform limited natural linewidth, and is comparable to that of ion-
implanted SiV centers [62]. The linewidth is slightly broader than that of CVD
grown SiVs in bulk [49], which could be due to nanofabrication induced strain and

proximity to surfaces.
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Figure 6.6: The linewidth of transition C of a SiV in the nanobeam photonic crystal
cavity. The linewidth at low excitation power approaches 304 MHz, as shown in the
inset.
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6.3.4 ¢®(7) measurement

We confirm the single photon nature of the emission through a second-order correla-
tion measurement of the same SiV emission in our emitter-cavity system under non-
resonant pulsed laser excitation from a Ti:sapphire laser, which yields a ¢(®(0) = 0.04
(Figure 6.7)).
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Figure 6.7: Second-order autocorrelation measurement of the cavity coupled SiV
center emission under pulsed excitation, yielding ¢(®(0) = 0.04.
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6.4 Purcell enhancement of single photon genera-

tion

6.4.1 Purcell enhancement of SiV emission

The Purcell effect is a resonant effect. Therefore, to observe the Purcell enhancement,
we want to tune the cavity into resonance with the zero phonon lines of the SiV by
a technique called gas tuning. During the gas tuning, argon gas is injected into
the cryostat through a precision mass flow controller, and the optical mode of the
nanobeam photonic crystal is red-shifted through deposition of a thin layer of argon
on the nanobeam surfaces and thereby changing the local effective refractive index.
As the cavity mode is tuned into resonance with the individual dipole transitions
of the SiV center, the Purcell enhancement of the SiV emission is observed due to
coupling to the optical resonator. Figure 6.8(a) shows the device PL spectra as
we continuously red-shifted the cavity wavelength by gas tuning. Observed emission
intensities of individual SiV dipole transitions resonantly coupled to the optical cavity
were strongly enhanced due to the Purcell effect. Figure 6.8(b) displays two PL
spectra collected at the detuning conditions indicated by the colored dashed lines in
Figure 6.8(a), where the optical cavity was far detuned from (green) and on resonance
with (blue) transition B. With the cavity on resonance, transition B exhibits an
emission intensity increase by a factor of ! 42.4 compared to the far detuned case.
We have not been able to saturate transition B under resonant condition with up to
of 1.8 mW excitation power, limited by our ability to stabilize the cavity frequency
under high excitation power. With a maximum excitation power of 1.8 mW, we
collect 1.33 ( 10° counts per second from transition B when it is resonant with the

cavity.
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Figure 6.8: Enhanced photoluminescence due to coupling to the photonic crystal
cavity. (a) High resolution PL spectra over the SiV emission region, as the cavity
is tuned across the SiV emission through argon gas condensation. The resonant and
detuned cases are taken at the blue and green dashed lines respectively. (b) High
resolution PL spectra of the SiV center when the cavity is detuned from (green) and
resonant with (blue) transition B of the SiV.

6.4.2 Lifetime reduction

To quantitatively explore this observed Purcell enhancement further, measurements
of the SiV center spontaneous emission rate were performed with the cavity both on
and off resonance. When the cavity was far detuned, with the temporal profile shown
in Figure 6.9(a), the spontaneous decay rate is extracted from a single exponential
fit to be 7,6 = 1.84 ns. When the cavity was tuned on resonance with transition B,
time-resolved spectroscopy was performed with a streak camera (Hamamatsu C5680),
which has a faster instrument response time (<5 ps) compared to that of hundreds of
picoseconds for a single photon counting module (SPCM). The intensity of the cavity
enhanced transition B dominates all other emission lines (blue curve, Figure 6.8(b)),

such that we are able to select the corresponding spectral region on the streak camera
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6.4. Purcell enhancement of single photon generation

image, as shown by the dotted box in Figure 6.9(c). Fitting this binned luminescence
to a single exponential decay yields a significantly decreased resonant lifetime of
194 £ 8 ps (Figure 6.9(b)). For this device, we focus on the spontaneous emission
lifetime when the cavity is resonant with transition B, because this transition exhibits

the largest improvement in brightness when resonant with the cavity.
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Figure 6.9: (a-b)Time-resolved photoluminescence measurements of transition B of
the SiV yields a detuned lifetime 7,4 = 1.84 £ 0.04 ns (a), and resonant lifetime
Ton = 194% 8 ps (b). (c) Time-resolved spectroscopy measurement of transition B on-
resonance. In this streak camera image, the wavelength is dispersed in the horizontal
direction by a grating and time is resolved in the vertical direction. The binned region
is boxed by the dotted lines.

The 10-fold lifetime reduction combined with a 42-fold intensity increase on reso-
nance implies a large Purcell factor. Because of the non-unity off-resonance branching
ratio into transition B, the actual Purcell factor is even higher than the directly mea-

sured lifetime reduction of 7,¢/7., . Through quasi-resonant pumping and detection,
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6.4. Purcell enhancement of single photon generation

an upper bound for the off-resonance branching ratio of 0.325 was measured, corre-
sponding to a minimum Purcell factor of .,;, = 26.1 £ 1.8 (details of the branching

ratio measurement and the Purcell factor calculation are in the next sub-section).

6.4.3 Branching ratio measurement

We employ a quasi-resonant pumping and detection scheme to directly measure the
branching ratio & = vg/(vs+Y4cp)- By quasi-resonantly pumping transition A or B,
we ensure that all the emitter dynamics are excited through the upper excited state
without direct population of the lower excited state. We resonantly excite transition
A (B), as shown by the grey area in Figure 6.10, and collect the emission from tran-
sitions B, C, and D (A, C, and D) on a CCD camera, filtered through an etalon filter
(LightMachinery) and a custom-built double monochoromator to suppress the exci-
tation laser. Photon emission into orthogonal polarizations is collected (not shown)
to obtain the total emission intensity, as shown by the red, black and blue curves
in Figure 6.10. Finally, we combine the results from resonantly driving transitions
A and B to obtain the relative emission intensity of all four zero-phonon lines. The
percentage of zero-phonon line emission into transitions A, B, C, D are 3.1%, 32.5%,
45.2%, and 19.3%, respectively.
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Figure 6.10: Relative intensities of the zero-phonon line emission under quasi-resonant
excitation of transitions A (a) and B (b). The grey areas denote the wavelength of the
excitation laser which was filtered out with an etalon and a double monochromator.
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6.4. Purcell enhancement of single photon generation

6.4.4 Purcell Factor

The Purcell factor for the system measured in Figure 3 is given by

F=("Te (6.2)

on

where £ = N is the off-resonance branching ratio into transition B.
B +rad,other  +Vnr

Here v, Yrad,other, and 7y, are the off-resonance emission rate through transition B,

the emission rate through other radiative channels including the phonon sideband,
and the non-radiative decay rate, respectively. Here we assume that 7, = 7o in
our calculation, where 7,y is the lifetime in bulk, which agrees with our previous
measurements. We do not expect the off-resonant density of states to be signifi-
cantly modified in the nanobeam photonic crystal since one dimensional photonic
crystal suppresses the density of states only one dimension (similar to DBR micro-
post cavities where the same assumption is made). Experimentally, we did not find
strong modification of the density of states beyond emitter to emitter variation, with
Touk = 1.74% 0.01 ns. Through quasi-resonant pumping and detection (see the previ-
ous subsection), an upper bound for the off-resonance branching ratio of &,,.x = 0.325
is extracted. Note that in our calculation for the upper bound branching ratio, we
do not include decay into the phonon sideband and non-radiative transitions. The
upper bound on branching ratio of &,,.x = 0.325 gives a lower bound on the Purcell
factor of F,;, = 26.1 = 1.8 according to Equation 6.2.

We calculate the maximum theoretical Purcell factor Fipeory = %(%)3% using the
measured quality factor ) and the simulated mode volume V = 1.8(%)3 , as shown
in Table 6.1. For the representative device described in the main text, the estimated
Fain is ! 10.4 times smaller than Fipeory . Physically, misalignment of the dipole
moment from the cavity field orientation and displacement of the emitter from the
field maximum reduce the Purcell factor from the theoretically predicted value by a
factor of 1/3 and an unknown amount, respectively. In addition, we underestimate
FlLin by using the upper bound value for the branching ratio, which does not account
for decay channels through the phonon sideband (30% of radiative emission) and non-

radiative processes. Our analysis is consistent with the estimated upper limit on F
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6.4. Purcell enhancement of single photon generation

for similar cavities in prior works[22].

SiV Ton |18 Tot [18] Foin Fineory
1 0.340+ 0.017 | 1.88+ 0.02 | 11.1+ 0.8 350
2 0.208%+ 0.011 | 1.79% 0.02 | 94+ 0.7 282
3 0.194+ 0.008 | 1.84+ 0.04 | 26.1+ 1.8 272
4 0.158+ 0.003 | 1.70+ 0.02 | 12.6 %+ 0.4 262

Table 6.1: Purcell factors of the SiV centers

6.4.5 p-factor

Furthermore, we demonstrate that the strong Purcell enhancement leads to a regime
where spontaneous emission through the ZPL into the cavity mode dominates all
other decay channels. We use the -factor to characterize the fraction of the excited
state energy decay through spontaneous emission into the cavity mode, defined as
B =18& 7on/7or. The [-factor scales from 0 to 1, with 1 being the excited state
lifetime completely determined by the spontaneous emission into the cavity mode,
and 0 being the excited state not emitting into the cavity at all.

To quantitatively analyze the non-radiative decay rate of SiV and its impact on the
B factor, we measure the fraction of emission through transition B. Figure 6.11 shows
the PL spectra when the cavity was resonant with (blue) and far detuned (green)
from transition B respectively. While the emission intensity of the resonant transi-
tion B is enhanced by a factor of I 42, those of transitions A/C/D are suppressed by
factors of 0.44/0.60/0.79, respectively. By binning the emission intensity of each ZPL
transition, we find that 95% of all ZPL emission is through the resonant transition B,
which is consistent with a calculated 5 -factor of 89.7 + 0.6%. We attribute the dif-
ference to decay channels through the phonon sideband emission and non-radiative
processes. Assuming that the rates of phonon sideband and non-radiative transi-
tions have not been changed by the cavity mode, we can self-consistently calculate a

quantum efficiency of at least 51% for the system. Using

TBon (.95, (6.3)
VB,on + YACD,on
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TBon = 0.90, (6.4)
VYB,on + YACD,on + Ynr+PSB

and

YB,on + YACD,on + Ynr+PSB = Yon = 1/7—07‘“ (65)

we find v,,4psp = 0.263 GHz, vp o, = 4.5 GHz, yacpon = 0.237 GHz. Assuming
that the rates of phonon sideband and non-radiative transitions are not changed by

the cavity, we can get Yapcp,off = Yoff & Yur+psp = 0.269 GHz, and the quantum

efficiency of the zero-phonon lines is 7“82% =51% .
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Figure 6.11: The PL spectra when the cavity is resonant with (blue) and detuned
from (green) transition B. The strong PL intensity enhancement of transition B by a
factor of 42 leads to suppression of the emission intensities of transitions A/C/D by
factors of 0.44/0.60/0.79 respectively. When in resonance with the cavity, 95% of all
zero-phonon line emission goes into transition B.

We estimate the S-factor to be 89.7+ 0.6%, demonstrating that the lifetime of the

excited state is now dominated by the spontaneous emission into the cavity enhanced
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6.4. Purcell enhancement of single photon generation

zero-phonon line. The large  -factor combined with the short lifetime of 194 ps,
yields a single photon emission rate 3/7,, of | 27 &40.74 GHz into the cavity mode.
Therefore, our system shows potential for an ultrafast, nearly gigahertz single photon

source.

6.4.6 Cooperativity

We also show that the strong light-matter coupling enables a coherent dipole induced
transparency effect [63]. To measure the transmission through the system, we use
a tunable continuous-wave laser to excite the device from a notch at one end of the
waveguide, and collect the transmitted light from an identical notch at the other end.
Figure 6.12(a) shows the transmission spectrum of the bare cavity mode, where the
cavity is far detuned from all four transitions of the SiV. The bare cavity shows a single
Lorentzian lineshape that strongly suppresses transmission at the cavity resonance.
In contrast, when we tune the cavity into resonance with transition B of the SiV, we
observe a clear transmission peak at transition B due to dipole induced transparency.
By fitting the measured data (blue dots) to a numerical model (red solid line; fitting
see below), we extract the coupling strength between transition B and the cavity
to be g/2m = 4.9+ 0.3 GHz, and the cavity energy decay rate x/2m = 49.7 % 2.0
GHz. We also calculate the cooperativity of the system, defined as C' = %, to be
C = 1.4, where v/2r = 1.36 £ 0.06 GHz is the linewidth of transition B when the
cavity is far detuned, obtained through photoluminescence excitation measurements.
The origin of the high coupling rate and cooperativity given the cavity ) might
be better alignment of the emitter to cavity field maxima for those devices that we
measured, or better emitter quality due to the CVD growth method. However, the
exact origin requires further investigation. We also determine the coupling strength
between transition C and the cavity to be 1.4 £ 0.1 GHz by performing the same
measurements on transition C (see next subsection). We attribute the difference
in the coupling strength for transitions B and C to strain induced difference in the
selection rules. In fact, this particular device we measured shows a much larger

ground state splitting (155.0 £ 2.5 GHz) compared with typical values, suggesting a
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large strain is present at the emitter location.
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Figure 6.12: (a) Cavity transmission spectrum when the cavity is far detuned from
all transitions of the SiV. (b) Dipole induced transparency peak in the transmission
spectrum when the same cavity is resonant with transition B of the SiV. In both
panels, blue dots are the measured data, and red solid lines are fit to a numerical

model.

For the bare cavity shown in Figure 6.12(a), the cavity transmission coefficient is

given by

B Kex/2
fo = k)2 +i(w & we)’ (6.6)

where k is the cavity energy decay rate, ke is the cavity energy decay rate into the
waveguide mode, w is the laser frequency, and w, is the cavity frequency. When we
couple into the waveguide through the notch at one end, and collect the transmission
through the notch at the other end of the waveguide, we might also excite and collect
other waveguide or leaky modes that do not couple to the cavity. Thus we numerically

fit the measured cavity spectrum to a function given by

n2

+ gev + B, (6.7)

on l‘i/2
= A "
Sour(w) a K/2+i(w & w,)
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6.4. Purcell enhancement of single photon generation

where S,,; is the detected intensity of the transmitted laser at frequency w, A is
a scalar that accounts for input laser intensity, collection efficiency, and detection
efficiency, B is the collected background counts due to effects such as detector dark
noise, ¢ is a unit-less scalar that describes the relative amplitude between the modes
coupled and uncoupled to the cavity collected by the fiber, and « is the phase between
the cavity coupled and uncoupled modes. The free fitting parameters are A, B, q,
a , and k . From the fit to Figure 6.12(a), we obtain x/2r = 49.7 = 2.0 GHz and
a= (097« 0.01)r.

For the dipole induced transparency spectrum, the cavity transmission coefficient

is given by
Kex/2
t= ,
k)24 i(w & we) + 2¢%/i(w & wp)E

(6.8)

where gp is the coupling strength between transition B and the cavity, and g is the
linewidth of transition B when it is far detuned from the cavity. We denote P as
the occupation probability of the SiV in the upper ground states (which couples to
the cavity through transition B). The cavity transmission spectrum shown in Figure
6.12(b) is thus given by

# " "

o , n R/Q Z-all
Sou(w) =A& (1& P)--Fb/2 W& ) + qe (6.9)
n n9
Pl /2 g (6.10)

k/2+i(w & we) + 4% /i(w & wg)yB
+B. (6.11)

In the numerical fitting, we fixed A, B, ¢, k , and « using the values we obtained
in Figure 6.12a. We also fixed the parameter 5 to be v5/2m = 1.36 GHz obtained
through photoluminescence excitation measurements when it is far detuned from the
cavity. The only free fitting parameters are P and gg.

To accurately obtain P and gp together, we also measure the cavity transmission
spectrum when the cavity is resonant with transition C. The blue circles in Figure

6.13 shows the measured data. In this case, the cavity transmission spectrum is given
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# n n
Sout(w) =A & L fgen (6.12)
out\&) = K/2+i(w & w.) g¢ '

+ (L& P)u .

K/2
k)2 +i(w & we) + 492 /i(w & we)ye

+ gt (6.13)
+B. (6.14)

where go is the coupling strength between transition C and the cavity, and ¢ is
the linewidth of transition C when it is far detuned from the cavity. Note that the
probability that the SiV modifies the cavity spectrum is now given by 1 & P. We
fit both the data in Figure 6.12(b) and Figure 6.13 using the same set of fitting
parameters. We obtain that P = 0.24 £ 0.02, gg/27 = 4.9+ 0.3 GHz, and g¢ /27 =
1.4+ 0.1 GHz. We attribute the difference in the coupling strength for transitions B

and C to strain induced polarization distortion between the selection rule of the two

transitions.
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Figure 6.13: Cavity transmission spectrum when the cavity is resonant with transition
C. Blue circles show measured data, and red solid line shows numerical fit to the
model.
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6.4.7 Device Statistics

Finally, we observe a high yield of the strongly cavity enhanced SiV centers, as sum-
marized in Table 6.2. Eight devices were found displaying cavity resonances blue
detuned by several nanometers from the SiV ZPL emission, which is within the tun-
ing range of the gas tuning method. Of the eight devices, four contain stable SiV
centers with low spectral diffusion, with the cavity tuning range reaching the ZPL
wavelengths. In Table 6.2, 7,, is the on-resonance lifetime, 7.4 is the off-resonance
lifetime, 7og/7on is the lifetime reduction factor, I, /Iy is the intensity enhancement
factor, and ( is the fraction of the excitation decay through the spontaneous emission
into the cavity mode. These four systems all exhibit a lifetime reduction greater than
5.5, and a p-factors greater than 82%.

[SV] 7als] | 7rls] | 7ot/Ton | I/l | B %] |

1 0.340+ 0.017 | 1.88%+ 0.02 | 5.5% 0.3 177 1824+ 1.0
2 10208+ 0.011 | 1.79+ 0.02 | 8.6+ 0.6 5.6 88.6% 0.7
3 10194+ 0.008 | 1.84+ 0.04 | 9.5% 0.6 424 | 89.7+ 0.6
4 10158+ 0.003 | 1.70£ 0.02 | 10.8+ 0.3 | 39.1 | 91.0% 0.3

Table 6.2: Purcell enhancement parameters of the SiV centers
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Chapter 7
Tunable single photon generation

Recent experiments have demonstrated photon-mediated entanglement between two
SiV centers in a bare waveguide [22], where Raman emissions with a tuning range
of 10 GHz were employed to compensate the spectral inhomogeneity of SiV centers.
However, there are two main limitations in using this approach towards realizing
photon-mediated many-body interactions. First, once embedded in nanostructures,
SiV centers display a much larger spectral inhomogeneity (> 20 GHz) than bulk due
to local variations of the strain [62]. Second, the observed Raman emission is accom-
panied with a strong spontaneous emission from the same branch of the A-system [22],
which fundamentally limits the efficiency of Raman photon generation and the fidelity
of many-body interactions. To address both challenges requires selective enhancement
of the Raman emission while suppressing the undesired spontaneous emission.
Optical cavities have been utilized before to enhance Raman emission from a
single semiconductor quantum dot, which enables the generation of single-photons
with large tuning bandwidth [64] and variable pulse shape [65]. However, the cavity-
enhanced tuning range remains two orders of magnitude smaller compared with the
spectral inhomogeneity of quantum dots [66]. In our work, we show that an optical
cavity enables a frequency tuning range of 100 GHz for Raman emission from a
single SiV center, which is an order of magnitude larger than previously achieved
with color centers and exceeds the typical spectral inhomogeneity of SiV centers

in nanostructures. Our results pave the way towards scalable quantum circuits and
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quantum networks that involve multiple solid-state quantum emitters in an integrated

nanophotonic platform. Details of this work can be found in reference [67].

7.1 Raman emission scheme

In this section, we introduce the level structure in the interaction picture, the Raman
emission scheme, and the notation used for the discussion in this chapter.

Figure 7.1(a) shows the energy level structure of a single SiV center. In the
absence of a magnetic field, the SiV center contains two ground states separated by
dy , and two excited states separated by d. . The values of ¢, and ¢, are typically
given by d,/2m = 50 GHz and §./27 = 260 GHz respectively [68], but they increase
significantly in the presence of strain [14, 15]. We utilize the A-system formed by the
lower excited state (labeled as |e" ) and the two ground states (labeled as |¢;" and [g2")
to generate tunable Raman emission. We optically drive transition |g;" # | " with
a continuous-wave laser, and couple transition |g;" # | €" with a cavity. The driving
Rabi frequency and the emitter-cavity coupling strength are denoted as 2 and g
respectively. We set the detuning between the driving laser and transition |g;" #| ¢"
to be identical to the detuning between the cavity and transition |g" #| €" (both are

given by A ) in order to achieve Raman resonance [?].
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Figure 7.1: (a) Energy level structure of a SiV center. The red arrow indicates
the classical driving field, the blue arrow indicates the coupling with a cavity. (b)
Energy level structure of the emitter-cavity system in the interaction picture and
weak excitation regime.

To understand how we generate cavity-enhanced Raman emission, we illustrate
the level structure in the interaction picture as shown in Figure 7.1(b). We denote
each state in the form |x,n" , where x ) { g1, go, €} is the state of the SiV center, and
n ) { 0,1} is the number of photons in the cavity. Here we consider the system in
the weak excitation regime where the whole system contains at most one excitation
this truncation of the level structure is valid as long as €2,¢9"' A . Under the same
assumption, we can also adiabatically eliminate the state |e, 0" , and treat the system
as two-levels |g1,0" and |go, 1" driven by an effective Rabi frequency Qg = Qg/A .
Thus, if the system is initially in the state [g;, 0" , it will coherently rotate to the state
|g2, 1" followed by a photon emission through the cavity. The emission frequency is
tunable with A because it does not involve any real excitation of the state |e, 0".

The coupling between the emitter and the cavity enhances the rate of the Raman
emission. Here we define the Raman emission rate as the inverse of the average time
it takes to emit a photon when the system is initially in the state |g;,0" . The cavity-

2 A0

2
enhanced Raman emission rate is given by R, = Q%’ = £ 4(%})* , while the upper
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bound of the Raman emission rate without a cavity is given by Ry = % ar |
where I' is the spontaneous emission rate of transition |e" $| ¢2" . In the limit where
A * T, the Raman emission rate is enhanced by a factor g—g = % , which is the
Purcell factor of the coupled emitter-cavity system. For SiV centers, as we showed in
the previous chapter, the Purcell factor can be as high as nearly 100, corresponding

to two orders of magnitude enhancement of the Raman emission rate.

7.2 Experimental system

The experimental system used is identical to those used in the previous chapter. We
couple a single SiV center with a monolithic diamond nanobeam photonic crystal
cavity. Figure 7.2(a) shows a scanning electron microscope image of the fabricated
photonic crystal cavity.

The sample is mounted in a closed-cycle cryostat (Montana Instruments) and
cooled down to 4 K. We first measure the bare cavity transmission spectrum using
a supercontinuum source. During the measurement we keep the cavity red-detuned
from all transitions of the SiV center by more than 40 cavity linewidths via controlled
condensation of Argon gas. The blue dots in Figure 7.2(b) show the measured cavity
spectrum. By fitting the measured data to a Lorentzian function (red solid line), we
obtain a cavity energy decay rate of k/2m = 53.7% 0.4 GHz, corresponding to a cavity
quality factor of 7600.
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Figure 7.2: (a) Scanning electron microscope image of a fabricated nanobeam pho-
tonic crystal cavity in diamond. The inset shows the intentionally placed notch at
the end of the nanobeam that couples light into the freestanding waveguide. (b)
Transmission spectrum of a bare cavity measured using a supercontinuum source.
(c) Photoluminescence spectrum of the SiV center we used in our experiment. (d)
Lifetime measurement of the lower excited state of the SiV center when the cavity is
far detuned from the emitter (upper panel) and when the cavity is resonantly coupled
with transition |g," # | €" (lower panel). In both panel (b) and (d), blue dots show
the measured data, the red solid lines show the numerical fit.

Figure 7.2(c) shows the photoluminescence spectrum of the SiV center embed-
ded in the cavity. During the measurement we again keep the cavity red-detuned
by more than 40 linewidths from the SiV center. We observe four distinct peaks

in the photoluminescence spectrum, labeled as A - D in the figure, corresponding
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to the four possible optical transitions of a single SiV center. The peaks C and D
correspond to transitions [g1" # | €" and |g," #| €” respectively. From the frequency
splitting between the emission peaks C and D, we calculate that ¢,/27m = 544 GHz.
This value is significantly larger compared with typical values of 50 GHz in the bulk,
suggesting large strain in the nanobeam photonic crystals [15]. Second order correla-
tion measurements verify that the emissions from both peaks C and D exhibit clear
anti-bunching and are therefore originated from a single SiV center. We attribute the
weak emission peak near transition C to a different emitter.

To characterize the coupling strength g between the cavity and transition |go" #
le", we measure the lifetime of the excited state |e" both when the cavity is far detuned
and resonant with the transition |g," #| €". The blue dots in Figure 7.2(d) show the
measured emission intensity as a function of the delay time between the emission and
the excitation pulse. The upper and lower panels show the cases when the cavity is
far detuned and on resonance with transition |g;" # | €" respectively. By fitting the
measured data to an exponential function (red solid line), we determine the lifetime
of the excited state [e" to be 7,4 = 1.74 £ 0.01 ns for the far detuned case, and
Ton = 1.14 £ 0.01 for the resonant case. We thus calculate the coupling strength to
be g/2m = 0.80 = 0.01 GHz using the relation -+ = % + % . We also estimate a

Ton

lower-bound Purcell factor of 20.

7.3 Experimental demonstration

We now demonstrate cavity-enhanced Raman emission. We excite the transition
|g1" # | €" using a continuous-wave laser with a variable detuning A , and collect
the emission from the cavity. To reject the direct reflection of the laser from the
sample surface, we spatially separate the excitation and collection by coupling the
laser through the notch of the waveguide (see inset of Figure 7.2(a)) and collecting
the far-field scattered signal from the cavity. We also use a double monochromator
to further filter out the laser reflection and spectrally select the emission around
transition |go" # | " within a bandwidth of 120 GHz. We utilize phonon-induced

ground state relaxation to perform state reinitialization after emitting a photon.
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Figure 7.3: (a) Cavity emission spectra as we vary the excitation detuning A. The
blue dots show measured data, and the red solid lines show the numerical fits to a
double Lorentzian function. The labels R and S represent the Raman and spontaneous
emission peaks, respectively. (b) Ratio between the Raman and spontaneous emission
intensity as we vary the excitation detuning A. The blue circles show measured values,
and the red solid line shows numerically calculated ratios. (¢) Cavity emission spectra
as we tune the cavity across both the spontaneous and Raman emission peaks. In
both panels (a) and (c), the frequency values are given in terms of detuning from

transition |go" # | €".

Figure 7.3(a) shows the measured emission spectrum as we vary the detuning A.
We observe two distinct peaks in the measured spectra, labeled as R and S respec-
tively. The emission peak R continuously red shifts as we increase the detuning A |
corresponding to the cavity-enhanced Raman emission. The emission peak S remains
centered around the natural frequency of |g2" # | €" , which is due to incoherent exci-
tation of the system into the state |e" followed by spontaneous emission via transition
le" $ | g2" . We are able to achieve a tuning range of 99 GHz for the Raman emission,

which is an order of magnitude larger than the best value achieved previously for a
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7.3. Experimental demonstration

color center [22]. We note that the measured linewidth of both peaks is limited by
the double-monochromator (3.5 GHz).

Besides an unprecedented tuning bandwidth, the cavity also enables selective en-
hancement of Raman emission as we spectrally detune the Raman emission away
from the emitter resonance. To quantitatively show this effect, we extract the ratio
between the Raman and spontaneous emission intensity (referred as the R/S ratio)
at each detuning, as shown in Figure 7.3(b). The R/S ratio increases by a factor of
10 when we increase A from 15 GHz to 88 GHz. The R/S ratio achieves even higher
value at 99 GHz, but we cannot accurately calculate the ratio at this condition due
to the vanishing spontaneous emission peak that is too close with the noise floor.

We now verify that the selective enhancement at large detuning originates from
the cavity. We fix the excitation detuning at A = 55 GHz, and finely tune the cavity
frequency across both the Raman and spontaneous emission peaks. If the improve-
ment of R/S ratio at large detuning is not related with the cavity, we should observe
no dependence of the R/S ratio as we sweep the cavity frequency. In contrast, as
shown in Figure 7.3(c), when the cavity is resonant at the Raman emission frequency
(-55 GHz), we observe at least 10-fold enhancement of the Raman emission inten-
sity compared with the case when the cavity is detuned 100 GHz away from the
Raman emission. This 10-fold enhancement is a lower-bound estimate since we did
not subtract the background due to laser leakage. The cavity can also enhance the
spontaneous emission, but at a different frequency (! 0 GHz). These results con-
firm that the selective enhancement of the Raman emission is enabled by the cavity.
A quantitative model is presented accounting for electron-phonon interactions, with
details found in [67].
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Chapter 8
Conclusions and outlook

In this thesis, we have introduced a number of topics that we explored along the
journey. In the following sections we will summarize the results, and provide a brief

outlook for each of the topics.

8.1 Hybrid platform

In chapter 3, we explored the integration of nanodiamonds with photonic platforms
for the development of color center-based quantum devices. Studies of nanodiamond
hybrid photonics have provided access to new device geometries relative to the bulk
approaches. However, the spectral stability and range of inhomogeneous distribution
still suffer as a result of lattice strain at the heterogeneous interface, as described
in chapters 2 and 3. New nanodiamond synthesis methods promise to overcome the
strain and spectral diffusion issues and reach the ability for indistinguishable photon

generation.

8.2 Scalable on-chip diamond platform

In the next part of the thesis, we demonstrated an on-chip platform based on ar-
rays of diamond nanopillars with an 150 nm device footprint featuring embedded

individually addressable single SiV centers with 31.3% yield. Using this platform,
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8.3. Cavity QED system as spin-photon interface

we demonstrated full SU(2) coherent control of individual SiV centers using ultrafast
optical pulses, which enables universal single qubit gate operation. Moreover, the co-
herent control of a SiV center inside a nanopillar structure is possible as a result of the
high spectral stability of these SiV centers, despite the less than 75 nm distance from
the diamond-air interface. Our demonstration paves the way for future integration
of shallow SiV centers into nanophotonic devices for cavity quantum electrodynamics
(QED) and spin-photon interfaces, and bodes well for the future need for embedding
color centers in an integrated photonic network.

Thanks to the low inhomogeneous broadening compared to other solid state plat-
forms such as SiV in nanodiamonds or semiconductor quantum dots, it is therefore
possible to envision entanglement of two low strain single SiV centers hosted in differ-
ent nanopillars. Finally, the ultrafast all-optical coherent control techniques demon-
strated in this work can be extended to the control of Zeeman-split spin states of
SiV centers. The relatively short electron spin coherence time limited by the single
phonon decoherence mechanism can potentially be alleviated in these small nanopil-
lars due to the reduced phonon density of states. Altogether, we show a promising
step towards a platform for scalable on-chip quantum systems that could play an

important role in future quantum hardware.

8.3 Cavity QED system as spin-photon interface

Lastly, we demonstrated Purcell enhancement of single photon emission from as-grown
SiV centers in diamond by coupling them to monolithic photonic crystal cavities.
The cavity coupled SiV centers exhibit ! 10-fold lifetime reduction, from which we
extract a [ -factor of 89.7 + 0.6%. The large § -factor suggests promising potential
for scalable single photon sources operating at the gigahertz regime. The cavity
enables an unprecedented frequency tuning range of 99 GHz, which exceeds the typical
spectral inhomogeneity of SiV centers in nanostructures. We also demonstrate that
the cavity can selectively enhance only the Raman emission, which is critical for
achieving high-fidelity of photon-mediated many-body interactions.

Further work on improving the extraction efficiency of the coupled system, through
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8.3. Cavity QED system as spin-photon interface

either far-field optimization for free space extraction [69] or through an efficient fiber-
coupled diamond nanophotonic interface [70], would push SiV closer towards scalable
quantum networks. This platform could also be readily extended to other color centers
such as the germanium-vacancy centers [71, 11|, tin-vacancy centers [72, 73, 74],
and neutral silicon-vacancy center in diamond [10, 75], which also exhibit desirable
optical properties and hold great promise for quantum information processing. The
high Purcell enhancement and large coupling strength demonstrated in our system
brings us closer to reaching the strong coupling regime, by either improving the cavity

parameters or by incorporating multiple emitters.
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Appendix A

Diamond fabrication process

A.1 Sample preparation before fabrication

The diamond substrates used for homoepitaxial growth and experiments are pur-
chased are from Element Six™(EL SC Plate 2.0( 2.0mm, 0.50mm thick, item #
145-500-0385). The face orientation is {100}. The material nominally contains <1
ppb boron concentration [B], and < 5 ppb nitrogen concentration.

The substrates go through the following pre-processing steps to reduce the surface

strain and impurities before nanofabrication.
1. polishing (optional)
2. tri-acid clean
3. Ar/Cly etch
4. Oy etch
5. CVD growth

6. tri-acid/piranha clean

We detail in the following subsections the pre-processing recipe and the characteriza-

tion results.
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A.1l. Sample preparation before fabrication

A.1.1 polishing

The optional polishing step is performed at the vendor Delaware Diamond Knives
(DDK).

At Element Six, the polishing of the electronic grade substrates was done along the
900" crystal direction, resulting in smooth surfaces with RMS roughness R, ! 1& 3
nm, as shown in the AFM map in Figure A.1(a). In contrast, the CVD and type Ib
diamond substrates as-received from Element Six display random, deep pits across the
sample surface, with R, ! 10 nm, as shown in the AFM map in Figure A.1(b). This is
likely due to polishing along random directions during the polishing step, as suggested
by the lines going in several different directions in the AFM image. When polishing
{100} diamonds in the %10" direction, the polishing debris consists of fragments of
diamonds, and these debris could further grind and damage the surface causing ! 100

nm deep pits.

Electronic grade, EL CVD and type Ib

Figure A.1: AFM images of (a) electronic grade and (b) CVD or type Ib grade
substrates, as received from Element Six. The colors scales are chosen to highlight
the polishing pattern.

Polishing tests were done on several types of substrates. After polishing with
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A.1l. Sample preparation before fabrication

DDK, the pitting in CVD and type Ib wafters was significantly alleviated, as shown
in Figure A.2. The RMS roughness R, decreased from ! 10 nm to! 1.8 nm.

CVD before CVD after
R, ~ 10 nm, deep pits R,~ 1.8 nm

Figure A.2: AFM images of a CVD grade substrate (a) before and (b) after polishing
at DDK. The colors scales are chosen to highlight the polishing pattern.

The polishing was not found to significantly improve the surface roughness R,
of electronic grade substrate, therefore, we did not continue polishing this type of

substrate.

A.1.2 tri-acid clean

The procedure for tri-acid clean is as follows:
1. Set up the oil bath on the hot plate, set the temperature to 80 °C.
2. Set up the condenser tube:

¥ connect one rubber tube from the water outlet to the input of the glass

spiral (top);
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A.1l. Sample preparation before fabrication

¥ connect the other rubber tube from the output of the glass spiral (bottom)
to the sink.

¥ Set the height of the condenser tube above the heated bath.

¥ Seal the top of the condenser tube (i.e. with rubber ).

Clean the flask, add the diamond chips first.

. With 3 glass pipettes, add perchloric, sulfuric, and nitric acids into the flask in

1:1:1 ratio.
Connect the flask to the condenser tube, secure with the clamp.

Lower the condenser tube and the connected flask into the bath, until the liquid
surface of the acid matches that of the bath.

Leave cleaning for 2 hours.

Do the reverse to take the samples out. Rinse in water, followed by acetone and
IPA in the solvent hood, and blow dry with Nj.

A.1.3 Ar/Cl; etch

The procedure for Ar/Cl, etch at Stanford SNF is as follows.

1.

Clean the pt-mtl chamber by running recipe “Cham_Clea_Def C12_SF6_02”

. Condition the chamber with a bare Si wafer, and the recipe we are going to run:

“lz_CI12_Ar”, for 10 min.

Run the recipe with the wafer carrying the diamond chips, etch time 30 min.

A.1.4 Oj etch

The procedure for Oy etch at Stanford SNF is as follows.
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A.1l. Sample preparation before fabrication

1. Clean the pt-ox chamber by running recipe “lz_02” for 30 min. This is the

recipe we are going to run, so it serves as both chamber clean and seasoning

steps.

2. Process the wafer carrying the diamond chips, etch time 30 min.

After etching

CVD, unpolished | (5 St ee v "
S e N

CVD, polished

Electronic grade,
Unpolished

Rq™ 1-3 nm Ry~ 1.6-2nm

Figure A.3: AFM images and RMS roughness of different types of substrates (left
column) before and (right column) after Ar/Cly and Oq etches. The color scales are
chosen to highlight the polishing pattern.
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A.1l. Sample preparation before fabrication

As illustrated in Figure A.3, for the smooth surfaces of electronic grade and pol-
ished CVD grade substrates, the combined effect of Ar/Cly etch and O, etch is reduc-
ing the surface roughness. However, when the pitting from the polishing is untreated,
as in the case for unpolished CVD substrate, the etches act to enlarge the pits into
craters, and the RMS roughness is increased from ! 10 nm to ! 66 nm.

It is also theorized that the diamond material near the surfaces of the diamond
substrates have built-in strain as a result of polishing. Therefore one reason that we
perform O, plasma etch to remove the top ! 5um strained layer and reveal the deeper,
unstrained material. We performed Raman spectroscopy at various etch depths to
investigate the material quality. As shown in Figure A.4, the Raman peak slightly
redshifts, and the linewidth narrows as the etch depth is increased. This may be
evidence for improvement in the lattice quality, to the extent that the decrease in

Raman linewidth can be interpreted as outside the measurement uncertainties at this

level.

1392.7 29
e ELOS
'E 1332.6 285 o ELDS
o — 28
< 13325 T
o E 275
< L
—_ 13324 7
2 z
‘g 1232.3 E .
- . ELO3 26
D x:22 o— ELOS
5 255
Q

1332.1 . — . - . 25

0 5 10 15 20 25 30 0 5 0 15 20 25 30
etch depth etch depth

Figure A.4: The Raman peak around 1332 cm™! corresponding to sp3 carbon red-
shifts (left panel), and the linewidth narrows (right panel) as the diamond is etched
down deeper.
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