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ABSTRACT

Optically active spin defects in diamond, often named color centers, are prime candidates for quan-
tum technologies, including quantum networking, computing, sensing, and photonics. Integrating
single-crystal diamond with heterogeneous materials unlocks numerous research directions that
are non-trivial for bulk diamond or nanodiamond. This thesis describes a deterministic method
for diamond membrane synthesis and integration to expand integration options for hosted color
centers. This heterogeneous material platform enables efficient spin-photon interfaces and im-
proves the coherence of color centers, two key elements of quantum networking. The platform
also offers a versatile and practical interface for quantum sensing and provides an opportunity
to explore atomic-scale optical interaction in solids. Chapter 1 introduces the fundamentals of
quantum technology, diamond color centers for quantum applications, and material properties of
diamond with synthesis methods. Chapter 2 provides the research background of low-dimensional
diamond fabrication and details our approaches to generating high-quality diamond films and in-
tegrating them with a wide selection of materials. Chapter 3 demonstrates multiple fabrication
methods of nanophotonic cavities with diamond-based heterostructures and their coupling to color
centers. Chapter 4 presents our work on strain generation in thin-film diamonds and modification
of the spin dynamics for tin-vacancy centers using strain. Chapter 5 discusses the spin coherence of
nitrogen-vacancy centers in diamond membranes and their applications for quantum bio-sensing.
Chapter 6 describes our study on near-field enhancement of germanium-vacancy centers based on
the behavior of nearby carbon vacancies. Chapter 7 concludes the thesis and provides an outlook

on this platform in quantum technologies.
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CHAPTER 1
INTRODUCTION

1.1 Quantum technology and physical implementations

Information science and technology developments, including information collection, processing,
storage, and transmission, have always been tightly bonded with fundamental science and technol-
ogy innovations in physics. Modern information science originates from the Digital Revolution—
often called the Third Industrial Revolution—that translates the handwritten, mechanical, or analog
information into a series of “bits”’, which can be chosen from two discrete numbers: 0 and 1. The
incredible fact about the realization of this basic information unit is that, in principle, any separate
and distinguishable physical value pairs can be defined as a “bit”. Therefore, there is no physical
limitation to defining zeros and ones as long as there are distinguishable differences and determin-
istic transitions between the two statuses. The freedom of definition unleashes researchers’ and
engineers’ endless imagination and creativity in seeking the most suitable forms of bits for differ-
ent application scenarios. It can take the form of dark and bright pixels in quick-response (QR)
codes [1], high and low voltage of transistors in processors [2], charge/discharge of capacitors in
computer memories [3], magnetization direction of ferromagnetic materials in hard disks [4], and
amplitude, frequency or phase modulation of carrier signals for communication systems [5].

In the meantime, advances in quantum physics in the 20th century have not only brought hard-
ware revolution to traditional information science but also stimulated the emergence of quantum
computation and quantum information concepts. Instead of using quantum mechanics to obtain a
deeper understanding of traditional devices and improve their performance accordingly, quantum
information science takes a more straightforward approach: treat quantum objects in a quantum
manner and build technologies based on pure quantum effects. Therefore, the basic information
unit switches from a pair of number options (0 or 1) to a more quantum mechanical description: a
superposition of two physical states, written as |0) and |1). This quantum bit, with a simpler name

1



“qubit”, can then be written as: [¢)) = «|0) + §]1), where {«, 8} are a pair of complex numbers
with /a2 + $2 = 1 after normalization.

The difference between bits and qubits may not look apparent as quantum states |0) and |1) are also
a pair of distinct physical statuses. However, since the two statuses belong to the quantum objects,
an additional term appears: phase. After normalization, the phase information is included in the
{a, B} pair for any qubit state |¢)). This phase term is a unique feature that separates quantum
and classic objects and forms the foundation of quantum information science and technology.
Clever utilization of the phase information from multiple qubits leads to the real attractive aspects
of quantum technology, including unique quantum algorithms for quantum computing, hack-free
quantum communication with quantum key distribution, and high sensitivity quantum sensing [6].
Echoing the traditional information science, the current quantum information research covers al-
most every significant aspect of information, including signal collection (quantum sensing), pro-
cessing (quantum computation, quantum simulation), storage (quantum memory), and transmis-
sion (quantum networking, quantum transduction, quantum repeaters). Fortunately, like the defini-
tion of classical bits, the definition of qubits is not bonded by the physical implementation either. In
recent decades, numerous inspiring proposals and landmark demonstrations of new qubit platforms
have emerged in every aspect of quantum information science. The qubit can take microscopic or
mesoscopic form, operate at microwave or optical frequency, live in solid state matters, liquids, op-
tical or electrical traps, optical cavities, or travel freely in space (photon). Even in a single physical
platform, the definition of “qubit” can vary due to the much larger Hilbert space the system obtains
than the qubit subspace. It is worth noting that there is no universal definition of a good “qubit”.
Instead, the evaluation is determined by the application scenarios. For instance, DiVincenzo’s
criteria are ideal for evaluating quantum computation and quantum communication systems [7].
Instead, qubits for quantum sensing are encouraged to improve the coupling with targets instead
of pursuing longer coherence time.

After several decades of exploration of practical quantum systems, several promising candidates



have emerged and have been extensively studied for quantum technologies. For quantum com-
putation and simulation studies, the quantum system is required to obtain many qubits with high-
fidelity initialization, readout, multi-qubit gate operations, and long coherence time. Therefore,
individually manipulated qubits that are well isolated from the environment are preferred. A few
examples include superconducting qubits in the microwave frequency domain [8], cold atoms and
molecules in optical tweezer arrays [9, 10], trapped ions [11, 12], electrons in neon [13], donor
electron spins in silicon [14], and purely photonics [15]. For quantum memory, long qubit coher-
ence time with deterministic quantum state transfer is the primary factor in choosing candidates.
Some demonstrations include nuclear spins in semiconductors [16], rare earth ions in solid state
hosts [17], and atomic vapor cells [18]. In the quantum communication and networking domain,
correct choices of flying qubits and efficient transition between local and flying qubits are of pri-
mary concern. For free space communication, near-infrared (NIR) or infrared (IR) photons are
prime flying qubit candidates [19]. For optical fiber communications, low-loss transmission only
happens when the operating wavelength is within specific telecommunication windows, such as O
(1260 nm to 1360 nm), E (1360 nm to 1460 nm) or C (1530 nm to 1565 nm) bands. Choices of the
flying qubit wavelength also affect the stationary qubit’s physical platform. For instance, rare earth
ion erbium (Er3+)—d0ped crystals and carefully designed quantum dots are natural choices for fiber-
based quantum communication due to their well-matched wavelength ranges with telecom win-
dows [20, 21], while other candidates have to incorporate wavelength conversion modules before
being transmitted through optical fibers [22, 23]. Another approach to interconnecting stationary
and flying qubits is to build quantum transduction systems that do not require qubits with both mi-
crowave and optical access. These systems typically utilize optomechanics or electro-optics to link
qubits from very different wavelength ranges and are considered critical for distributed quantum
computing [24, 25]. In quantum sensing, the qubit has to interact with some physical quantities
with a measurable response. This requirement indicates some compromise of the qubit coherence

to improve the total sensitivity, which differs from the criteria for quantum computation and com-



munication qubits [26]. Some great examples of quantum sensors include nitrogen-vacancy (NV™)
centers in diamond for biomedical applications [27], atomic vapor cells for microwave electrical
and magnetic field sensing [28], superconducting qubits for cosmology [29], and trapped atoms
for gravitational studies [30]. We note that it is a mutual selection between qubit platforms and
quantum technologies. A physical qubit platform can have multiple application scenarios, and
sometimes, an underperforming qubit for one usage can be a perfect choice for another.

Here, we will mainly discuss one physical platform—optically active spin defects in diamond.
Technically speaking, defects in diamond are solid-state platforms. However, these defects only
have the atomic scale and thus share many properties with trapped atoms or ions regarding funda-
mental understanding and operation mechanisms. The electron spin of the defects also serves as a
good qubit candidate, which can interact with surrounding environments or serve as quantum mem-
ories. Furthermore, it is a rare solid-state system with both optical and microwave access, which
significantly enhances the manipulation flexibility and versatility. In the meantime, these defects
are “eternally trapped” in solid-state substrates, which requires no additional trapping mechanism
compared with atoms or ions and enables on-chip photonic, electric, and microwave integration
possibilities. We will start by describing the spin defects we work with, then discuss the diamond’s

properties as the material host.

1.2 Color centers in diamond for quantum technology

For crystalline solid state matters, all atoms (or ions) are periodically arranged in a three-dimensional
position space, which can be classified into different groups depending on the microscopic struc-
ture of the primitive unit cell [31]. We know that an infinite, periodic arrangement in the position
space can be translated via Fourier transform to a series of de-localized traveling waves in the
momentum space (k-space). Therefore, no localized quantum feature can be defined as qubits in
a perfect single crystalline matter. Instead, the only physical property that can be quantized is the
traveling waves in the k-space—the collective motion of atoms or ions that can be quantitatively
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described as phonons. Although phonon is not the central topic of this work, we will soon find that
phonon modes and distributions play an essential role in understanding and utilizing solid-state
defects.

Spatially (and spectrally) localized quantum objects require microscopic arrangements that deviate
from a perfect lattice. In the world of solid-state physics, this deviation refers to crystal defects.
The most interesting quantum phenomena originate from the tiniest defects in crystals: point de-
fects. Point defects are atomic-scale structures associated with added, missing, or dislocation of
native atoms or external impurities. Like other single crystalline lattices, diamond contains nu-
merous point defects. From quantum technology’s perspective, we would like to investigate the
point defects that are magneto-optically active, which means that they (1) are optically accessible,
(2) have non-zero electron spin (| S |# 0). Point defects that satisfy the first criteria are often
called color centers due to their distinct emission profile when optically excited. The name origi-
nates from the coloration of the crystal when a large density of optically active emitters is present.
There have been several decades of studies regarding the color centers in diamond, and several
hundreds of luminescent configurations have been found [32]. Here, we note that optical access is
not required for a point defect to be a qubit. A commonly-known example is the nuclear spin of
the phosphorus defect in silicon [33], which only allows microwave manipulation. Some reasons
for the pursuit of optical access may include (1) color centers in diamond have been well-studied
for their optical properties, and some color centers have been proven to be promising candidates
for quantum technologies; (2) the optical access provides a way of utilizing qubits for quantum
networking, which is quite challenging in the microwave frequency; and (3) the coherence and
manipulation of optically inactive defects in diamond have not been well understood. Therefore,
the current quantum research remains focusing on color centers in diamond, which includes more
than two dozen candidates [34]. Some of them do not meet the second criteria, such as nitrogen-
vacancy center and single vacancy center in a neutral charge state (NVY and V9), which can be

used as single photon sources instead due to the lack of energy levels to store quantum infor-



mation. Some other centers have poorly understood electronic configurations, unknown creation
mechanisms, low yield, or inconvenient operation frequency, which keep them away from practical
applications until future progress. In this work, we focus on the two groups of color centers that sat-
isfy both criteria, which are negatively-charged substitutional nitrogen-vacancy center (NV™~ center
or NV center), and negatively-charged interstitial group IV centers, including silicon-vacancy cen-
ter (SiV™ center, SiV), germanium-vacancy center (GeV™ center, GeV), tin-vacancy center (SnV~
center, SnV), and lead-vacancy center (PbV™ center, PbV). They have well-understood electronic
structures, deterministic creation methods with a decent yield, addressable through both optical
and microwave controls, and relatively long electron spin coherence time when combined with
careful material engineering. In the rest of the work, we use the term color center to represent

these two types of color centers unless specified.

1.2.1 NV centers

Unlike optically or electrically trapped atoms and ions, the understanding of species and molecu-
lar configurations of color centers is not straightforward and often requires a combination of ex-
perimental characterizations (spectroscopy, ion implantation, annealing, etc.), theoretical analysis
(group theory), and ab initio calculations (often performed via density-functional theory calcula-
tion, DFT) [35]. In the early stages, the speculation of a molecular structure is tightly connected to
the experimental observations. For instance, the first proposal linked the photoluminescence (PL)
to the nitrogen-vacancy compound due to the excessive presence of nitrogen atoms and vacancies
in the diamond crystal [36]. The confirmation of the NV center came from the correlation between
its signature PL and the charge state transition from the known NV~ center [37]. After about five
decades of studying, we now have a pretty clear picture of the molecular structure and electronic

configuration of the NV~ center, as well as its optical, spin properties and operation mechanisms.



Molecular structure and electronic configuration The molecular structure of a NV~ center is
shown in Figure 1.1 (a). The NV~ contains one substitutional nitrogen atom and one vacancy,
taking two adjacent sites of sp3 carbon atoms along the [111] crystal axis. Here, sp3 refers to
carbon-carbon covalent bonds with the sp3 hybridization orbitals (the diamond lattice), which is in
contrast to graphite, another carbon-formed material with sp? bonds. According to the group sym-
metry classification [35], NV center belongs to the Cs,, group. This group indicates that the center
is symmetric under C; rotation to the N—V axis: 120°, 240°, 360° and three mirror operations
with respect to the vertical plane containing the N—V axis: o,. The molecular structure of the
NV~ center is slightly complicated compared with some simple defects, such as ND1 (V™), GR1
(VO), or P1 (N). Therefore, the formation of NV~ is usually determined by the energy difference
between the complex (NVY%) and separated simple defects (a V0 and a NY) compared with other
possible formation mechanisms (such as Vg or N—V—N). Previous research shows that although
forming NV is less energetically favorable than forming V9, introducing extra vacancy is easier
in substitutional N sites and form NV compared with regular carbon vacancies [38]. This pref-
erential NV formation is due to one less covalent bond the carbon atoms have when neighboring
a nitrogen atom. The observation not only explains the formation mechanism of NV center but
also points out the creation methods: introducing external vacancies through ion implantation or
electron radiation. Both of these methods are used in our work.

Unlike the determination of the molecular structure, NV~ center’s electronic configuration has been
an arguable topic for a long time. According to the current understanding, the NV~ has a non-zero
electron spin. The NV~ has an extra electron from the crystal, possibly from other donors such
as substitutional [N]. This defect has six electrons; two always occupy an energy level below the
valence band. The other four live in the bandgap, with their configuration labeled by A, As, and
E'. The energy level diagram is shown in Figure 1.1 (b). Both ground and excited states are triplet
states, while a standalone pair of singlet states are also optically active. Ground (3 A) and excited

GE) triplet states are connected by a direct (no phonon participation) optical transition at 1.945 eV
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Figure 1.1: Negatively-charged nitrogen-vacancy center (NV™) in diamond. (a) The molecular
structure of the NV~ center. The red atom stands for the substitutional nitrogen, and the dark grey
atoms are sp3 carbon. The missing carbon vacancy is right next to the nitrogen atom. (b) Energy
level diagram of NV™. The spin-triplet states are 3 A9 and 2E, each with a zero-field splitting.
The state [ms = 0) is unchanged with the external magnetic field while the states |mg = +1) shift
accordingly due to the Zeeman effect, forming a qubit pair |ms = 0) and |ms = —1). NV~ also
has a singlet state pair ! 4; and ! E, mainly used for spin initialization due to the much stronger
non-radiative decay between 3E |ms = +1) to 1 A1 compared with |ms = 0) to 1 Ay, and stronger
decay between ' E to 3Ay |ms = 0) compared with ' E to [ms = £1). The widths of the non-
radiative decay arrows indicate the relative rate.

(637 nm), which 1s often called the primary zero phonon line (ZPL) of NV™. The two singlet states
(1E, 1A}) are connected by another ZPL transition at 1.190 eV (1042 nm), which can be named
as the secondary ZPL. Triplet and singlet states are connected via non-radiative transitions with
spin-dependent intensity and are primarily used for spin initialization and readout in most NV~
studies. Here Ay, Ao, and F are irreducible representations of coordinate components, quadratic
components, and rotations of NV~ categorized by their symmetry under operations of the Cj,

group. A detailed explanation can be found in Ref [35].

Optical and spin properties The optical and spin properties of NV~ are tightly related to its
molecular and electronic structures. As mentioned before, NV~ center has two ZPL peaks, the
primary one at 637 nm and the secondary one at 1042 nm. However, due to its relatively less sym-

metric molecular and electronic structures (compared with group IV centers, as discussed in the



next section), optical transitions are strongly coupled to the vibrational modes of the diamond lat-
tice (phonons), with only =23 % of the optical emission belonging to the ZPL wavelength and 97 %
of the emission spanning across a broad phonon sideband from 640 nm to 800 nm. On the plus
side, this broad phonon sideband emission (ZPL energy — photon + phonon) indicates a similar
broadband excitation spectrum (excitation energy — ZPL energy + phonon), which relaxes the
wavelength requirement to excite NV~ centers. In the meantime, this also indicates that most emit-
ted photons from NV~ have very different energies, which makes it hard to form entanglements
using the Hong-Ou-Mandel protocol, a primary method used for quantum networking applications
that require identical photons [39]. In addition, the broadband signal collection requires a rel-
atively low fluorescence background (optical signal noise), especially for individual NV~ center
measurements.

Both ground and excited states of NV~ center are triplet states. Each triplet state has two spin
sub-levels: mg = 0 and mg = +1. Two sub-levels are distinguishable due to the presence of
zero field splittings with 2.87 GHz transition frequency for the ground state and 1.42 GHz for the
excited state, primarily due to the spin-spin interactions. mg = =1 within a sub-level degenerate
unless an external magnetic field is present. Zero field splittings can be observed by a special tech-
nique called optically detected magnetic resonance (ODMR) [35], which is an important operation
mechanism and will be discussed in the next paragraph. The magnetic g factor of the electron
spin is ~2, indicating a free-electron-like Zeeman splitting in the presence of an external magnetic
field. Depending on the nuclear spin of the nitrogen isotope, hyperfine interactions can also affect
the energy levels (and thus resonances) of the NV~ center. For instance, [14N] has a nuclear spin
of I = 1, which leads to three ODMR resonances when the external magnetic field is present,
while [15N] contains a I = 1/2 nuclear spin which only results in two ODMR resonances. This
difference is a straightforward method to distinguish the isotope of the nitrogen, which is a key
step in identifying J-doped SNV~ from the naturally present 14NV [40).

One special property of the NV~ center is the secondary ZPL emission connecting two singlet



states. This optical transition, combined with non-radiative decays linking the triplet states, pro-
vides a state-dependent overall decay rate between ground and excited triplets and can be used for
initializing the NV~ qubit state. The schematic of the feature is called state-selective intersystem
crossing (state-selective ISC) and is also shown in Figure 1.1 (b) [41]. In short, non-radiative decay
BE,ms = £1) — A1) is faster than [E, ms = 0) — | A1), and decay |1 E) — 345, ms = 0)
is faster than |1 E) — |34, ms = 1), leading to a net spin flow from m; = 1 to ms = 0. Also
due to a considerable portion of emission from state \3E, ms = £1) undergoing non-radiative
path, signals collected from the radiative transition ]3E, ms = £1) — |[3Ay, mg = £1) has fewer
counts. Therefore, off-resonance excitations such as commonly used green lasers (520 nm or
532 nm) can simultaneously readout and initialize the spin state of the NV~ center. This simple
operation is valid at both cryogenic and room temperatures and has been a basis of the quantum

operation of NV™.

Operation mechanism Since the sub-level pair |mg = 0) and |mg = £1) are orbital singlet
and spin-triplet for both 3 A9 and 3E, microwave manipulation of the NV~ spin is very effi-
cient due to negligible orbit change. This efficiency can be observed by looking at the g factor
g=2x{(mg=F1HF, |ms=0)~ 2, where H}® . refers to a unit AC magnetic field
(unit microwave drive). Therefore, a combination of optical initialization, readout, and microwave
manipulation is sufficient for utilizing NV~ centers as qubits. The first step of the spin control is
to search for the qubit resonance with or without an external magnetic field. When the microwave
driving is on-resonance with the energy difference between |mgs = £1) and |ms = 0), NV~ centers
prepared at the state |mgs = 0) will be driven to the state mg = 1 or mg = —1, which can be cap-
tured via a weaker optical readout signal (a dip). This technique is called ODMR. The resonance
frequency shift from the zero-field splitting and energy separation between two or three ODMR
peaks indicate the magnitude of the magnetic field. Furthermore, microwave driving can be used

for coherent quantum state transfer (single qubit gates). By varying the duration of the microwave

drive for |mg = 0) <> |ms = —1), one can prepare the NV~ to |ms = 0) (no pulse, 27 pulse),
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Ims = —1) (r pulse), (|ms = —1) + |ms = 0))/+/(2) (7/2 pulse), or any other superpositions.
The 7 pulse duration can be characterized via Rabi oscillation measurements. Once the parameters
for the single qubit gates are set, other measurements regarding the qubit lifetime (71), coherence
(T%), and dynamical decoupling coherence (7%, T xy, To,cpm@) can be performed, to reduce
the qubit decoherence from environment, or study the interaction between NV~ and other spins in
the system [42]. Furthermore, a similar radio frequency (RF) drive can be applied to the system
if nearby nuclear spins are used for long coherence quantum registers [16], and some additional

optical pulses can be added to help maintain the charge state of NV~ [43].

Applications in quantum technology NV~ centers have been proposed for three main applica-
tions in quantum technology: quantum computation, quantum networking, and quantum sensing.
The idea of quantum computation originates from the fact that a single NV~ center can effectively
communicate with multiple nuclear spins, which may serve as quantum registers. This multi-qubit
cluster can then be used for logical operations and even error corrections [44]. To date, the maxi-
mum quantum registers that can be accessed via a single NV~ center reaches 27, which could serve
as a logical qubit [45]. Although NV~ and 13¢C obtain long coherence times, the scalability of such
a system still needs to be improved compared with other systems [8, 46]. Therefore, only small-
scale quantum computing can be performed at this moment. NV~ center also pioneered quantum
networking research, with the study of remote entanglement between matter qubits over ten years
ago [43]. To date, a multi-node quantum network with entanglement delivery has been demon-
strated using NV~ center at remote locations [47]. Although the state-of-the-art quantum network
using NV~ faces several issues, including low signal collection efficiency due to the lack of cavity
enhancements, spectral drift, and low ZPL ratio compared with total counts, NV~ remains one of
the prime candidates for future quantum networking nodes. Unlike quantum computation and net-
working which mostly rely on the optical and spin coherence of NV~ centers, the third application,
quantum sensing, primarily utilizes the sensitivity of NV~ spin for external magnetic field, temper-

ature, and electric field changes. The use of NV~ only requires sufficient spin coherence, which
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is well preserved even at room temperature. Therefore, the operation mechanism is considerably
simpler than the quantum computation and networking protocols, using only green excitation laser
and microwave delivery instead of cryogenic temperature, charge re-pump, ZPL narrow bandwidth
signal collection, etc. NV~ has unique advantages in nanoscale sensing, that NV~ can detect local
signals that are only a few nanometers away. In addition, the size of the diamond that hosts NV~
centers can be sub-micrometer, such as commercially available nanodiamonds [48] and scanning
NV~ tips [49], which greatly improves the versatility of the sensing platform. In this work, we will
also introduce our nanoscale diamond host—diamond membrane—in Chapter 3. To date, NV~
sensing has widely spread to many sensing applications. A few examples include nuclear mag-
netic resonance (NMR) [50], understanding of superconductors and strongly correlated electronic

systems [51], and biological sensing and imaging [27].

1.2.2  Group IV centers

Due to the limited natural abundance, the history of group IV center studies is less than four
decades. The SiV™ emission spectrum was first observed when investigating spectra of lab-grown
diamonds using the chemical vapor deposition (CVD) technique [52]. The emission profile was
later assigned to the silicon defects in diamond without ambiguity [53]. Ten years later, individual-
level SiV™ defects have been observed, which could serve as single photon sources for quantum
applications [54]. Later, people observed other defects in this family, all on the single center level:
germanium-vacancy center (GeV™) [55], tin-vacancy center (SnV™) [56], and lead-vacancy center
(PbV™) [57]. Although the field of group IV centers is still young with lots of arguable phenomena
in their detailed electronic structures, these centers have been proven to be prime candidates for

quantum networking applications [23].

Molecular structure and electronic configuration Group IV centers share a lot of similarities

in molecular structures, electronic configurations, and energy levels, with only minor differences
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in specific parameters, such as ZPL emission wavelength and spin-orbit coupling strength. Here,
we take the silicon-vacancy center as an example. Chapter 4 will discuss the difference between
group IV centers and their implications for quantum networking applications.

The molecular structure of a S1V™ center is shown in Figure 1.2 (a). Similar to NV~, the SiV™ also
occupies two adjacent sites of sp3 carbon atoms along the [111] crystal axis. However, the silicon
atom is placed in an interstitial site instead of a substitutional site between the two vacancies. This
placement also holds for other group IV centers (GeV™, SnV~, PbV™), mostly due to the significant
size of the atom compared with nitrogen which makes the interstitial defect more energetically
favorable [58]. The split-vacancy configuration grants a different point group symmetry, D3, for
group IV defects. Compared with Cs5,,, this point group includes an additional symmetry operation,
inversion with respect to the central atom (Si, Ge, Sn, Pb). This inversion symmetry profoundly
impacts its electronic configuration and optical properties, which will be discussed in the next
paragraph. DFT calculations show that the Si—V structure is stable at high temperatures against
dissociation towards substitutional silicon and vacancy [59], indicating that SiV is a thermally
stable molecular state.

The electronic configuration of SiV™ is relatively simpler than NV™. The D3, group symmetry
leaves two groups of orbits for the excessive electron to choose: Ey and E,,. Each group includes
two axes x and y. Taking the spin freedom of the electron into consideration, both the optical
ground and the excited state have four energy levels. The four levels form two branches, split by
the spin-orbit coupling Ay (A\¢). Unlike NV~, group IV centers do not have zero field splitting.
Therefore, they all require an additional static magnetic field to remove the degeneracy inside each
branch and form resolvable qubit levels. Figure 1.2 (b) shows the energy level of the SiV with
spin-orbit coupling (left) and external magnetic field (right). When the magnetic field is absent,
there are four ZPL transitions between two branches in 2Eg and the other two in 2Eu. The number
of peaks can increase to 16 when the external field is present, with fitting parameters revealing

the detailed electronic structure of the SiV™ [60]. All the ZPL wavelengths are around 738 nm,
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Figure 1.2: Negatively-charged silicon-vacancy center (SiV™) in diamond. (a) The molecular struc-
ture of the S1V™ center. The red atom is the interstitial silicon between two vacancies, and the dark
grey atoms are sp3 carbon. Two carbon vacancies are right next to the silicon atom. (b) Energy
level diagram of SiV™. The optical ground state is 2Eg, and the excited state is 2F,,. Both states are
spin 1/2 with orbital degeneracy. The spin-orbit coupling (A4, A¢) creates two branches, and the
lowest branch is used as the qubit when an external magnetic field is present (no zero field split-
ting). Spin up (|1)) and down (]|)) are simplified labels to the |m) states, with [1) = |ms = 1/2),
|1} = |ms = —1/2) The arrows between energy levels indicate spin-conserving transitions of
SiV~, detected as one of the ZPL emissions (C line) mostly used for spin qubit initialization.

a relatively accessible wavelength for tunable Ti: Sa lasers. In addition, due to the lack of zero-
field splitting. S1iV™ and other group IV defects don’t have the privilege of using the off-resonant

excitation for spin initialization.

Optical and spin properties All group IV centers obtain inversion symmetry for the molecular
structure. The electronic configuration follows this high symmetry, with a small displacement of
electron wavefunctions between ground and excited states [35]. This indicates a weak electron-
phonon coupling for optical transitions and, thus, a large ZPL (small phonon sideband) portion in
the total emission profile. In the case of SiV™, the ZPL ratio can be as high as 80 % [61]. According

to our discussion of NV~, indistinguishable ZPL photons from separate emitters can be used for
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entanglement generation, and SiV™ is a much brighter single emitter in terms of ZPL photon emis-
sion. In addition, because of the inversion symmetry, the electron wavefunctions of SiV™ (and other
group IVs) have a negligible permanent electric dipole. Therefore, they are insensitive to electric
field fluctuation, which protects their spectral stability against noises. The spectral robustness en-
hances the compatibility of the group IV centers to diamond nanostructures—nanophotonic cavi-
ties and waveguides—that improve the coupling between color centers and photons and increase
the entanglement generation rate [62]. In contrast, the optical coherence of NV~ centers is strongly
impacted by the nanofabrication devices. Therefore, many quantum networking demonstrations
rely on solid immersion lenses [43], a less invasive method.

The optical ground state of SiV is a degenerate spin S = 1/2 system with two branches, with
~48 GHz energy difference between branches due to spin-orbit coupling [60]. The spin qubit is
normally defined as the two spin states in the lowest energy branch, with qubit frequency entirely
dependent on the external magnetic field (no zero-field splitting). When we take a brief look at the
qubit states |eg+ |) and |e;— 1), we might (falsely) conclude that the qubit coherence has to be
excellent since different orbit and spin values of qubit states lead to more difficult transition. In fact,
the major decoherence path is through the other two quantum states in the upper branch outside of
the qubit subspace. For instance, phonon-related spin depolarization (spin decay Tlorb“) between
states |eg+ |) <> |eg+ 1) and |eg— |) <+ |eg— 1) are the dominant decoherence sources [63].
This depolarization can be understood as a loss of phase information when the qubit population is
bounced back and forth between two quantum states with the same spins but different orbits. The
feature can hardly be captured by directly measuring the traditional Tf pin depolarization between
qubit states [64]. We will discuss the details of our findings in Chapter 4. In short, phonons in
diamond lattice are the dominant spin decoherence source, which ultimately limits the operation
of SiV™ and all group IV centers at cryogenic temperature [65].

Unlike NV~, the lack of the secondary ZPL emission leaves no spin-selective, non-radiative path

(intersystem crossing) for spin initialization through off-resonant excitation. As a result, the spin
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initialization has to be performed via resonant excitation at one of the ZPL wavelengths. The
fidelity of the spin initialization depends on the spectral distance between two spin-conserving
transitions, labeled as arrows in Figure 1.2 (b). This distance is determined by the magnitude
and orientation of the external magnetic field. The initialization efficiency depends on the optical
cyclicity of SiV™, which is a function of the magnetic field orientation with respect to the quantiza-
tion axis (crystal axis [111]) and the excitation laser power. Similarly, the spin readout is performed
via resonant excitation at one of the spin-conserving transitions and signal collection at the phonon

sideband.

Operation mechanism The two qubit states of SiV~ are |eg 1 |) and |eg— T). They are ener-
getically distinguishable due to the spin-dependent Zeeman effect. In addition to the spin dif-
ference, these qubit states also belong to separate orbits: |eg+) = —(legz) + i|egy))/V/2 and
leg—) = (legz) — i legy))/V/2. Two orbits are orthogonal, leading to inefficient coherent spin ma-
nipulation via microwave. Therefore, some early-stage manipulations utilized all-optical, Raman-
based methods for spin manipulation and coherence characterization [65, 66]. Fortunately, SiV~
(and all other group IVs) have large strain susceptibility. As a result, an anisotropic strain pro-
file can essentially generate orbit mixing between qubit states and enable coherent spin control
via microwave [63, 67]. For group IV qubits with small spin-orbit coupling (SiV~, GeV"), ion-
implantation induced random strain profile would be sufficient to generate some highly-strained
defects [68, 69]. However, this is not a viable approach for large spin-orbit coupling defects (SnV~,
PbV™), which require a much larger strain magnitude for efficient microwave manipulation [70].
Therefore, those heavy defects are still manipulated via all-optical methods [71], which are rela-
tively slow with low gate fidelity. The elegant solution is to introduce a large strain profile to the

diamond crystal, which will be discussed in detail in Chapter 4.

Applications in quantum technology The application of group IV centers in quantum technol-

ogy largely resides in the quantum networking sector, mainly due to the phonon-limited operation
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temperature. Similar to the NV~ center, although group IVs have shown their potential in interact-
ing with nuclear spins [68], the scalability of such a system for quantum computing still needs to
be improved. In quantum networking applications, group IVs have a much larger ZPL emission
ratio, excellent robustness against nanophotonic cavities and waveguides fabrication, high fidelity
initialization, readout, and quantum control [67], and low spectral drifts. Therefore, group IV
centers have been regarded as the next generation of quantum networking nodes after NV™~. Re-
cent demonstrations integrating frequency tuning and wavelength conversion unlock the realization
of quantum networking via telecommunication fibers [23, 72, 73], which opens the pathways of
telecom-frequency networking for other visible or near-infrared (NIR) defects [74] in addition to
the existed candidates [75]. Furthermore, group IVs have shown a strong correlation between ZPL
linewidth and temperature [76], indicating their potential as cryogenic temperature sensors [77].
In general, exploring the usage of group IV centers is an active research project, and we shall see

more applications shortly.

1.3 Material properties and synthesis of diamond

After introducing the solid state qubits—NV™ and group IV centers—for quantum technology, we
focus on their host material: diamond. Although point defects have a similar operation philosophy
as neutral atoms, molecules, or trapped ions, living in a solid-state material has fundamentally
changed the investigation perspective, characterization approaches, manipulation methods, and
usage scenarios. Arguably, while atomic defects can be regarded as pseudo atoms, the host material
and other objects in the vicinity introduce unique properties to the defects and make them different
enough from atoms studied in atomic, molecular, and optical (AMO) physics. In this section, we
will discuss a few properties of the host material, diamond, and other objects in diamond that
affect the behavior of color centers. As we will see, these properties provide both challenges and

opportunities for defect studies.
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1.3.1 Material properties of diamond

Diamond has been quite a unique material since its discovery. The perfect diamond crystal is com-
posed of only one chemical element—carbon. Strictly speaking, graphite is the chemically stable
form of crystalline carbon at room temperature and atmosphere instead of diamond. However, dia-
mond is a meta-stable state in such a condition, and a much higher temperature (at least >400 °C,
slightly higher than the oxygen-termination temperature [78]) is required to allow for a visible tran-
sition between diamond and graphite. Carbon atoms inside diamond form covalent sp3 bonds, and
each carbon atom is bonded to four other carbons, forming a typical Bravais lattice called diamond
lattice [31]. Due to small atomic sizes and short, rigid sp3 bonds (0.154 nm), diamond has a very
high atomic density, leading to the highest hardness as a natural material. In addition, diamond
is chemically inert at room temperature against most acids and solvents. Although these features
preserve the properties of color centers and make them compatible with numerous operation envi-
ronments, the hardness and inertness make the diamond incompatible with many nanofabrication
processes, either physical or chemical. The hardness also makes it quite challenging for strain

engineering except in nanoscale forms [79].

Optical properties Diamond is a wide bandgap material (5.5 ¢eV). Therefore, diamond is trans-
parent for lights at the visible wavelength (<3.3eV). The refractive index of diamond is ~2.4,
which is relatively high compared with many materials. Some certain crystals obtain even higher
refractive indexes that can confine light and enhance the interaction with diamond color centers
through evanescent coupling [80]. The mainstream of color center research, however, still relies
on fabricating diamond nanostructures for photon-emitter interactions. Our efforts on this topic

will be discussed in Chapter 3.

Isotopes and bulk spin bath Many elements have multiple isotopes; some isotopes include
nuclear spins. The nuclear spin bath is one of solid-state spin qubits’ most important environmental

properties due to their considerable total interaction strength. The perfect diamond crystal only
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includes carbon atoms. For natural abundance the majority of carbon (~99 %) is 12¢C which does
not have nuclear spin ( = 0), and 13C with non-zero nuclear spin (I = 1 /2) only takes a small
portion (1 %). 14¢ is radioactive and extremely rare, which are mostly used for radiocarbon dating
and will not be discussed here [81]. In synthetic diamond (discussed in the next section), the
isotopes can be engineered for different purposes. For instance, an isotopically purified diamond
with negligible 13C concentration has a very quiet spin bath, which is ideal for hosting coherent
color centers [67, 82].

In addition to the native carbon nuclear spin bath, impurities such as [/V] introduce excessive
electron and nuclear spins (/ = 1 for N T=1 /2 for I5N). These [N] often exist as substitutional
defects in diamond called P1 centers, which also include a non-zero electron spin (S = 1/2). P1
centers become one of the main decoherence sources of NV~ [83] at a non-negligible concentration.
Therefore, for NV~ studies requiring dense ensembles, the creation yield of NV~ has to be high to

limit P1 concentration and improve the qubit coherence [84].

Surface spins and treatments Like all solid-state systems, the bulk spin bath is not the only
source of the spin environment. For shallow implanted color centers, especially NV~ centers for
nanoscale sensing, surface spins tend to have more significant impacts compared to bulk spins. A
systematic study reveals that the surface roughness of diamond greatly impacts the dangling bond
density, and surface spin-induced decoherence [78]. For diamond nanostructures, a combination of
the front surface and sidewall morphology determines the overall decoherence magnitude. Com-
pared with the well-polished front surface, the sidewall is typically defined via plasma etching,
which obtains a much weaker roughness control. Therefore, the plasma etching profile becomes
the dominant decoherence source.

Some surface terminations, such as oxygen termination and hydrogen termination, could improve
the spin environment by replacing dangling bonds with uniform covalent bonds [78]. They also
shift the Fermi level and affect the charge state of near-surface color centers. A well-accepted

treatment is performing oxygen termination to improve the charge stability of NV~ over NVO,
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which is beneficial for sensing and networking purposes [78]. In contrast, hydrogen termination
will prefer the NVY and is thus undesirable. Group IV centers, especially heavy group IVs (GeV™,
SnV~, PbV™) are predicted to have a higher defect level closer to the middle of the bandgap [85].

Therefore, they are not in favor of either termination.

Discussion Due to its unique material properties, diamond has been used for many applications.
Before the emergence of quantum science and technology, diamonds were mostly used for fashion
and decoration. Diamond is also ideal for cutting hard crystals thanks to its exceptional hard-
ness. Besides, the wide band gap and high breakdown voltage make diamond an ideal material for
power electronics [86]. The excellent thermal conductivity of diamond leads to heat dissipation
studies for the semiconductor industry [87]. Although we only focus on color centers and quantum

technologies in this work, we are aware of other exciting possibilities this material platform brings.

1.3.2  Formation of diamond

Natural diamond Before the invention of high-pressure, high-temperature (HPHT), and chem-
ical vapor deposition (CVD) processes, all diamond research and applications were conducted via
natural diamonds from diamond mines in many places. Natural diamonds are formed in the man-
tle, a perfect place with high pressure and temperature. Although natural diamonds are great for
industry and fashion purposes, there are large fluctuations in crystal defect concentration between
stones. The inconsistency of diamond quality is not ideal for electronic and quantum applica-
tions. Therefore, these studies have turned to a more controllable and scalable source—synthetic

diamond.

HPHT diamond HPHT process is designed to imitate the earth condition that created diamond
billions of years ago. The process requires a relatively high temperature (often surpasses 1300 °C)
and pressure (several GPa) [88]. This process can produce diamonds at scale and has naturally

become the main method to generate synthetic diamonds. The HPHT method is a chemical process
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with seed crystals and a few catalysts, which introduces impurities and limits the purity of the
crystal. Since the process utilizes the phase transition of carbon, HPHT diamonds typically have
excellent crystal quality with minimal strain. In addition to diamond growth, higher temperature
processes can release the local strain variations post large ion implantation, as discussed in the

PbV™ center creation study [89].

CVD diamond The CVD process is the other primary method to create synthetic diamonds.
One major type of CVD, microwave plasma CVD (MPCVD), takes place in a chamber with dense
hydrogen plasma generated via strong microwave power. The added precursor gas—methane
(CH4)—is dissociated by the hydrogen plasma, with carbon atoms falling onto the seed crystal.
These carbon ad-atoms can form either sp2 or sp3 bonds, but the hydrogen plasma selectively
etches the sp2 carbon, leaving only sp3 carbons behind if the correct growth condition is met.
Therefore, there is a positive rate of diamond growth. Multiple diamond growth regimes can be
achieved depending on the plasma power and precursor flow. In this work, we focus on the slow-
est but cleanest regime, one-dimensional step-flow growth, which can provide the highest crystal
quality with minimal impurity concentration [90, 91]. Traditionally, only diamond seed crystals
can allow single-crystal diamond growth (homoepitaxy). However, recently, some wafer-scale di-
amonds have been grown using heteroepitaxy methods [92], which is promising for future scalable
diamond devices. Compared with the HPHT method, the CVD process offers more precise layer
control on the vertical structure due to its layer-by-layer growth mechanism. Therefore, other im-
purities can be intentionally incorporated at growth stages to generate in situ point defects [93].
Defects that can be generated at a certain depth with a narrow distribution profile are called ¢ dop-
ing, which has been applied to NV~ studies [90]. The work presented in the next chapter is entirely
based on the MPCVD diamond that offers pristine crystal quality and versatile impurity control

over different growth layers, which is critical for the rest of the study.
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CHAPTER 2
DIAMOND MEMBRANE SYNTHESIS AND INTEGRATION'

Abstract

Nitrogen-vacancy and group IV centers in diamond have shown great potential in quantum tech-
nologies. These advances can turn into practical quantum systems if their host—single crystal
diamond—is integrated with heterogeneous materials platforms. In this chapter, we introduce the
fabrication details and material characterizations of our state-of-the-art diamond membrane plat-
form, which sets the foundation for the demonstrations in quantum photonics, quantum network-
ing, and quantum sensing, as discussed in the following chapters. We start with an introduction
of the efforts in generating low-dimensional diamond structures for quantum applications. After a
process overview of the “smart-cut” based method, we introduce our approach to synthesizing di-
amond membranes and generating color centers, followed by individual membrane patterning and
undercut. Starting from ready-to-transfer diamond membranes, we present two different methods
to integrate them with heterogeneous materials, either by bonding agents such as photoresist or
plasma-activated bonding. We conclude the section by discussing the usage scenarios of the two

transfer methods and summarizing the material properties of the diamond membrane platform.

2.1 Wafer-scale diamond substrates and diamond-based heterostructures

Color centers in diamond, such as NV~ and group IV centers, are promising candidates for quantum
technologies. However, due to the diamond’s scarcity and unique material properties, including ex-
treme hardness, inert chemical properties, and high refractive index, on-chip integration of color
centers with other functional devices remains challenging. In response, manufacturing wafer-scale

single-crystal diamond substrates or integrating diamond with heterogeneous material platforms

1. The work discussed in this section was reported in [40, 94]

22



has become one of the primary focuses of diamond research. Here, we briefly introduce some
exemplary works related to quantum applications, including heteroepitaxial diamond growth, di-
amond slabs and membranes from laser cutting and thinning, diamond beams and frames formed
by angle etching or isotropic etching, integrated diamond AFM tips, and diamond membranes

fabricated via the “smart-cut” method.

Heteroepitaxial growth A natural approach to address material scarcity is the heteroepitaxial
growth of diamond. This has historically been challenging due to significant lattice mismatch be-
tween single-crystal diamond and seed substrates, leading to grain boundaries and polycrystalline
diamond. Recent progress based on the ion bombardment-induced buried lateral growth (IBI-
BLG) method [92] shows the state-of-the-art growth effort on wafer-scale, single-crystal diamond
substrates. Although impressive, the lattice mismatch leads to large strain distribution across the
thickness of the substrates, which are normally hundreds of micrometers. The inevitable strain
presence could lead to excess growth defects and compromised emitter properties. Therefore, it

has to be eliminated or largely suppressed before the actual usage of quantum applications.

Plasma-etched diamond slabs The most straightforward material integration of diamond sub-
strates utilizes commercially available single-crystal diamond slabs. However, most laser-cut dia-
mond slabs’ thickness is beyond 30 um. Membranes with such a thickness is compatible for some
bio-sensing applications [95], but not ideal for integration with distributed Bragg reflector (DBR)
mirrors or other on-chip devices. Therefore, an appropriate thinning process must be applied be-
fore material integration. Due to the extreme hardness and chemical inertness of single-crystal
diamond, inductively-coupled plasma reactive ion etching (ICP-RIE) becomes the only etching
option with a consistent etching rate while maintaining the surface morphology [96]. This method
offers a straightforward fabrication process and minimum requirements on nanofabrication facil-
ities and has thus been used for color center integration with micro-cavities [97] and fabrication

of two-dimensional photonic crystal with decent quality factors [98]. However, since the ICP-RIE
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etching removes the majority of the material (from ~30 um to ~1 um), any etching rate devia-
tion across the membrane would result in a considerable difference to the height profile of the
final diamond membrane. The relatively long etching sequence also posts strict requirements for
the control of the plasma chamber environment. The variation of the membrane thickness lim-
its the bonding uniformity, which is not ideal for photonic applications such as microcavities and

nanophotonic integration.

Angled etching of diamond An alternative method to integrate diamond with other on-chip de-
vices is generating freestanding diamond nanostructures. Although not designed for heterogeneous
integration, angled ICP etching via a Faraday cage or focused ion beam (FIB) milling [99] draws
lots of inspiration and has a profound impact on the diamond nanofabrication community. Angled
etching is a promising method for fabricating beams with strain control [63], waveguides, nanopho-
tonic crystals, and cavities [100], phononic crystals and cavities [101], and tapered fiber couplers
[102]. As an important figure of merit for diamond nanofabrication, the quality factors of nanopho-
tonic cavities can reach 3 x 10%, which exceeds the threshold of generating strong cavity-emitter
coupling [103] and therefore has been used for some landmark demonstrations [62]. However, this
fabrication method is tailored for diamond photonics, and the final devices remain on diamond sub-
strates. Therefore, the possibility of integration with other on-chip structures from heterogeneous
materials remains limited. Moreover, this method is suitable for thin, one-dimensional geometries
[104] but is not applicable for wide, two-dimensional (2D) structures such as 2D photonic cavities
and waveguides. The Faraday cage and FIB methods also lack precise sidewall control, which
introduces additional optical loss to the system. Nonetheless, angled etching remains one of the

mainstream etching methods to create suspended diamond nanostructures.

Isotropically etched diamond frames The diamond angled etching process posts unique re-
quirements for nanofabrication facilities, such as Faraday cage-compatible ICP etching cham-

bers or angled FIB tools, which may not be applicable to many places. In 2017, an alternative
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method combining anisotropic etching with isotropic etching to fabricate diamond structures has
been demonstrated [105]. Compared with angled etching, this method does not rely on sophis-
ticated nanofabrication equipment and has shown reproducible results at various cleanroom fa-
cilities [101, 106, 107]. More importantly, this method is suitable for generating standalone di-
amond waveguides and frames, which can be transferred and bonded to heterogeneous material
platforms via Van der Waals forces [108, 109]. However, as this method heavily depends on the
isotropic etching to perform undercut, the structural profile on the back side of the device is weakly
controlled, which often introduces additional optical loss. The uneven backside also reduces the
quality factor, making it unsuitable for 2D photonic crystal fabrications. Furthermore, the Van der
Waals bonding is relatively weak, which reduces the device yield and limits the strain tuning range.

Future optimizations on device integration should be able to address this issue.

Integrated diamond AFM tips Sharp diamond pillars containing single or ensemble NV~ cen-
ters are promising candidates for scanning probe magnetometry due to their high spatial resolution
and magnetic field sensitivity [110]. After over ten years of development, this proof-of-concept
demonstration has evolved into a fast-growing market with a few companies (Qnami, QZabre,
etc.), providing high-quality NV~ AFM tips for scanning NV magnetometry with various targets.
This application is and will be one of the primary usage scenarios for NV-based quantum sens-
ing. However, due to its highly specialized focus, the diamond tips are unsuitable for large-scale

integration with other on-chip devices.

Diamond membrane via the “smart-cut” method ‘“Smart-cut” is a common method in the
semiconducting industry with applications well beyond diamond substrates. Demonstrations of
silicon-on-insulator (SOI) wafer [111], silicon carbide-on-insulator [112], and lithium niobate
(LN) [113] unveils the strong potential of this universal method in integrating heterogeneous
materials at wafer scales. Although this method can generate large-scale thin film with precise

thickness, the implanted species (often H or He) introduce excess crystal damage that might be
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undesirable for quantum applications. Specifically, in one of the earliest demonstrations regarding
thin film diamond generation [114], a shifted and much broader Raman linewidth was observed
on the smart-cut diamond membranes. This crystal damage can be partially recovered by a sub-
sequent diamond overgrowth via the chemical vapor deposition (CVD) method [115]. By intro-
ducing external chemical elements (nitrogen, silicon, germanium, tin), these diamond membranes
are decent hosts for ensemble-level NV~, SiV™, GeV™~, and SnV™ centers [116, 117]. Although
the diamond membrane fabrication shares many commonalities with other “smart-cut "-based ma-
terial integrations, this quantum application-oriented method is unique in several aspects. First,
as a rare material with great scarcity, all demonstrations are based on millimeter-scale diamond
substrates with limited scalability. Second, ion bombardment of diamond generates a graphitic
layer (amorphous graphite) that cannot be separated naturally (like SOI) or be removed via pure
chemical etching (like thin film LN). Alternatively, as a conductive layer, the amorphous graphite
can be removed via a relatively time-consuming process called electrochemical (EC) etching in
water. Although this method provides clean undercut with smooth surfaces, this fabrication step
is relatively slow even with additional optimizations (high voltage, chemical solutions) [118, 119],
which remains the bottleneck of the diamond membrane generation. Third, ion-implanted diamond
membranes contain numerous crystal damages and defects that are not compatible with quantum
applications. Therefore, an additional homoepitaxial overgrowth step is necessary to recover the
crystal quality. Lastly, diamond is one of the hardest materials, thus pure mechanical polish post
membrane bonding is not a feasible option. Therefore, an ICP-RIE etching step has to be imple-
mented to remove the damaged layer and improve the surface morphology. Compared with other
diamond-based heterogeneous materials integration, the “smart-cut” method obtains the best scal-
ability with the most flexible user scenarios. Unfortunately, the previous demonstrations suffered
from limited material quality [115] and non-deterministic transfer method [120], posting needs for
in-depth investigations.

Starting from the next section, we will introduce our diamond membrane synthesis and integration
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methods based on the “smart-cut” technology. We will emphasize several key steps of our process
and explain our logic to improve the crystal quality and realize deterministic membrane transfer

and bonding.

2.2 Process overview
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Figure 2.1: Schematics of the diamond fabrication process. (a) Formation of the diamond mem-
brane via the “smart-cut” method. (b) Diamond overgrowth with isotopic purification. (c) Color
centers incorporation via either ion implantation or in-situ doping. (d) Individual membrane pat-
terning and undercut using electrochemical etching. (e) Membrane transfer by patterned PDMS
stamps. (f) Membrane bonding with resist and damaged layer removal via plasma etching.

Integrating diamond membranes with pristine quality with heterogeneous materials involves
many nanofabrication steps, which can be categorized into several stages: original diamond mem-
brane formation, synthesis of pristine quality diamond membranes, generation of color centers,
patterning of transferable membranes, membrane undercut, stamp transfer, damaged layer removal,
and bonding to target carriers. Depending on the device’s purpose, the bonding step involves ei-

ther an additional bonding agent or surface functionalization via plasma. Figure 2.1 displays the
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process overview of the bonding agent-based method. The schematics of the plasma-activated

bonding will be introduced in the following sections.

2.3 Diamond membrane formation and overgrowth

2.3.1 Formation of the diamond membrane

The schematics of the diamond membrane formation via “smart-cut” is shown in Figure 2.2 (a).
The process starts with a heavy ion implantation. In this work, we use He* as the primary dopant,
but other species such as Ne™ are also proved to be effective[121]. Crystal damage in diamond
membranes is believed to be associated with growth defect concentration during the subsequent
diamond CVD growth step. Therefore, we reduce the implantation energy (150 keV) with a slightly

016 cm—2) compared with previous demonstrations [115] to minimize the crystal

lower dose (5 x 1
damage. The simulated depth of the implanted He* is ~410 nm using the SRIM software [122].
The implanted diamond substrates have a dark finish, indicating a phase transition of the carbon
bonds from sp3 to sp2, often called the graphitization process. We note that the diamond remains
transparent, indicating that no graphitized layer is formed if the implantation dose is less than
2 x 1010 cm=2,

One key step post He* implantation is the diamond annealing. This step helps recover the crys-
tal quality of the diamond layer above the implantation depth. Although the recovered diamond
membrane has imperfect crystal quality to host color centers, it is sufficient for the homoepitaxial
diamond overgrowth. In principle, high-temperature annealing allows for the mobilization and sub-
sequent annihilation of implantation-induced crystal damage in the top diamond layer [78, 123]. In
our work, we employ a three-step annealing process: a 400 °C soak for 8 h, followed by a 800 °C
soak for 8 h and a finish of a 1200 °C anneal for 2 h, adopted from the fabrication process to gen-

erate SiV centers [124]. The annealing is performed in an argon forming gas environment (Ar:H,

of 96 : 4) to prevent interaction and surface damage from oxygen molecules. We notice in practice
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Figure 2.2: Diamond membrane formation. (a) Schematics of the original diamond membrane
formation via the “smart-cut” method. (b) AFM of the initial diamond substrate, showing an R,
of <0.30nm. (c) AFM of the diamond substrate post implantation and annealing, with an R, of
0.27 nm. (d) Raman spectroscopy of the He* implanted and annealed diamond substrates.

that the protection gas—argon forming gas—prevents the formation of the surface graphitization
layer (=3 nm), which is in contrast with the traditional high vacuum annealing [125]. The lack
of surface graphitization eliminates the necessity of applying strong tri-acid cleaning (1 : 1 : 1
sulfuric acid, nitric acid, perchloric acid at ~225 °C) and thus prevents the diamond membrane
from undercut and undesirable etching pits before the diamond overgrowth. We apply a mild sur-
face cleaning with only two acids (1 : 1 sulfuric acid and nitric acid at boiling temperature) to
prepare the surface for diamond growth. In contrast to the dark finish, the annealed substrates
have a distinct pink color with reflective surfaces, indicating an interference effect between the
top diamond layer and the graphitic layer underneath. In principle, this color varies depending on
the implantation depth (energy). Figure 2.3 (b) shows a micrograph of the diamond substrate post
annealing.

We apply atomic force microscopy (AFM) and Raman spectroscopy to quantitatively character-
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ize the surface and crystal quality of diamond membrane substrates. The results are shown in
Figure 2.2 (b-d). We note that the surface roughness remains less than 0.3 nm, indicating an
atomically smooth surface profile throughout the membrane formation process. Prior to anneal-
ing, only a weak diamond peak from the back substrate and low sp3 amorphous carbon features
are observed at ~1500 cm~! [126]. Post annealing, three peaks are observed. The ~1595 cem 1

and ~2268 cm ! peaks are strongly correlated with high sp3 amorphous carbon composite [126],

while the ~1325 cm ™! peak represents the partially recovered top membrane layer [114].

2.3.2 Diamond overgrowth via microwave plasma CVD

Due to the imperfect crystal quality of the original diamond membrane layer, we perform diamond
overgrowth to the membrane substrate after annealing. This overgrown layer serves as the host
for the coherent color centers. Similar to the previous method [115], the diamond overgrowth
is performed via microwave plasma chemical vapor deposition (MP-CVD). A photo of an active

plasma chamber is shown in Figure 2.3 (a).

a b

Figure 2.3: Diamond membrane overgrowth via MPCVD. (a) A photo of a running MPCVD cham-
ber for diamond overgrowth. (b) The microscope image of an original diamond membrane (left)
and an overgrown diamond membrane (right).

Unlike bulk diamond, diamond membrane substrates have imperfect surface and crystal quality,

which could turn to excess growth defects if the growth recipe is not fully optimized. To min-
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imize the defects from propagating during growth and fully recover the crystal quality, we use
a slow growth recipe to ensure the 1D step growth regime [90, 91]. The limited methane con-
centration induces much lower growth rates (3 nm h~! to 10nmh~1) compared with previous
demonstrations(1 pm h~! [127]). The maintained low growth rate also helps ensure a more ac-
curate depth-localization of dopant layers, i.e., d-doping precision, which will be discussed in the
next section.

To further reduce the growth defect concentration, we apply di-acid cleaning (1 : 1 sulfuric acid and
nitric acid at boiling temperature) to diamond substrates right before loading them into the CVD
chamber. Inside the chamber, the target diamond substrate is placed on a grooved molybdenum
substrate to keep it flat with the rest of the plasma-exposed surface, allowing for a uniform growth
rate across the sample with minimized edge effects.

The chamber is first pumped down to a base pressure of 2 x 10~8 Torr to 5 x 1078 Torr to reduce
background contamination. Thereafter, high purity H, (99.999 999 % chemical purity, generated
via hydrogen generator and purifier) is introduced into the chamber, with the gas flow rate kept
constant to maintain a process pressure of 25 Torr. Throughout the CVD process, the microwave
power is maintained at 900 W (11.5 W mmfz). The diamond substrate has to reach a certain tem-
perature range to allow for proper growth conditions. In this work, the substrate is heated to either
500 °C or 700 °C which translates to a pyrometer assessed plasma temperature of 540(10) °C or
740(10) °C. Prior to introducing the carbon precursor, the H,-only plasma conditions are main-
tained for 20 min (500 °C) and 1 h (700 °C) to etch away residual surface carbonaceous contam-
inants. According to previous estimations [128], the approximate etching depth of diamond is
<1nm.

The diamond growth starts by introducing the methane into the chamber. In contrast with the
natural abundance carbon precursor, we use 12C—puriﬁed methane (99.999 99 % chemical purity,
99.99 at.% isotopic purity 12CH4) in our process to grow isotopically purified diamond mem-

branes. Although carbon nuclear spins can be used as quantum registers via hyperfine interactions
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with nearby nitrogen vacancies [129, 130], the natural abundance of 13C forms a spin bath that lim-
its the spin coherence of the color centers. Therefore, a !2C-isotopic purification of the diamond
crystal could tremendously improve the electron spin coherence, which is crucial for quantum ap-
plications [131]. The injection of methane is verified in-situ via the increase of the pyrometer
temperature reading: 765(10) °C for the 700 °C set-point (580(10) °C for the 500 °C set-point).
We note that the nitrogen and carbon isotope concentrations in overgrown diamond membranes
are determined by the growth process instead of the seed substrate. Therefore, we choose more

budget-friendly optical grade single crystal diamonds as seed substrates for membrane synthesis.

2.4 Color center formation, membrane patterning and undercut

2.4.1 Color center formation

The work uses two methods to generate color centers in diamond membranes. We perform ion
implantation for some NV characterizations and all group IV centers work, and in-situ doping
during growth for many other NV-related studies. Recent demonstrations focus on the in-situ
doping of group IV centers that obtain uniform emitter properties [132]. That research could be

integrated with the diamond membrane platform for more exciting directions.

Ion implantation We use the Stopping and Range of Ions in Matter software (SRIM) [122] to
estimate the ion implantation depth and straggle. The incidence angle is set to 7° to avoid ion
channeling. For color center incorporations, we implant 1N+, 28Si*, 74Ge* and 120Sn* at a dose
of 2 x 108 cm ™2 into the membrane to achieve an individual-level color center density. Such a low
density level allows us to accurately characterize the optical and spin coherence and estimate the
conversion yield. Table 2.1 shows details about the implantation parameters and simulated depths
and straggles. All of the implantation steps are followed with the three-step 1200 °C anneal [124]
to form color centers.

We estimate a creation yield of color centers by counting the number of fluorescent centers in a
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Species | Energy [keV] Dose [cm_2] Target depth [nm] Straggle [nm]
“He* 150 5 x 1010 413 39
AN+ 48 2 x 108 60 15
2Bgi+ 58 2 x 108 40 11
TAGet 98 2 x 108 40 10
1205+ 150 2 x 103 42 8

Table 2.1: Implantation parameters and SRIM simulation results for diamond membrane formation
and color center generation.

certain area. For a 40 h-growth sample which obtains a overgrowth thickness of 350 nm to 400 nm,
we reach a conversion yield of 6.6(4) % for GeV~, which is higher than the previous reported value
[108]. The yield of SnV~ is &1 %, indicating a less effective activation, which could be further
improved by extending the annealing duration at 1200 °C or increasing the annealing temperature

[56].

In-situ doping and electron radiation In addition to the ion implantation, in-situ doping is one
of the most common methods for color center generation. Luckily, the diamond membrane fabri-
cation technique is also amendable to in-situ d-doping of 5N 901 0-doping allows deterministic
incorporation of dopants (N, Ge, Si, etc.) at a specific depth during membrane overgrowth. The
incorporated species also provide a valuable distinction from the intrinsic, naturally abundant de-
fects (i.e., isotopically incorporating 5N during growth to be distinguished from the 14N), which
is beneficial for background growth impurity (14N) estimation. This 0-doping method can also be
utilized to generate group IV centers such as SiV™ or GeV™ via additional gas input, such as silane
or germane [93, 133].

In this work, we perform a proof-of-concept growth by generating a ~2 nm-thick d-doped layer
of 15N. This in-situ nitrogen doping is accomplished by introducing 15N2 gas (99.99 % chemical
purity, 99.99 at.% isotopic purity) for 2 min during the growth phase. The doped layer is covered
by a ~36 nm-thick cap layer to protect the NV— coherence from surface noises. To convert doped

nitrogen into NV~ centers, an electron radiation of 10 x 10!® cm™2 at 2MeV is performed to form
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vacancies throughout the diamond crystal. This is followed by a 6 h vacancy mobilization anneal
at 850 °C in forming gas (96 : 4 of Ar:H,) to form the /-doped 1SNV~ layer.

The concentrations of the overgrowth background [14N] and in-situ doped [15N] are determined
via a separate quantitative secondary ion mass spectroscopy (SIMS) characterization. The nitrogen
doping effectiveness I5N for a triple delta-doped overgrowth sample is shown in Figure 2.4. The
full-width-half-maximum (FWHM) of the Gaussian-fit curves is used as an approximation of the
0-doping layer thickness, whereas the amplitude is used as an approximation of the atomic density
(cm—3) within that layer. The SIMS detection limit of [14N] places an upper bound on the back-
ground nitrogen contamination 4.5(2) x 1019 cm=3 (<26(1) ppb). For the 15N2 flow rate used in
our case, we obtain a [[ON] of 5.1(10) x 10'® cm™3 (30.8(57) ppb) with a quoted PN detection

limit of 1 x 1015 cm™3 (5.7 ppb).
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Figure 2.4: Nitrogen doping effectiveness I5N for a triple d-doped overgrowth sample. Fitting of
the Gaussians is used to quantify the nitrogen density. The FWHM is used as an approximation
of the delta-doping layer thickness, whereas the amplitude is used as an approximation of the
atomic density (cm™3) within that layer. The detection limit is shown in the graph. We also
note a significant amount of nitrogen at the substrate/overgrowth and surface interfaces with ratios
consistent with the natural abundance of >N in atmospheric nitrogen (measured via peak area
ratio).
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2.4.2 Membrane patterning

Diamond membrane substrates are patterned into many smaller membranes (200 ym by 200 um in
size) before the undercut. This patterning step ensures short processing time per membrane and
accelerates the optimization of the nanofabrication processes. The size of individual membranes is
also sufficient for many cases, including color center characterizations, nanophotonic fabrications,
and some quantum applications. We note that the size is not fundamentally limited, and membranes
with various shapes and sizes (even the same size as the seed substrate [118]) can be generated via

the same method.

‘B .

Figure 2.5: Individual membrane patterning. (a) Microscope image of a patterned diamond mem-
brane. The graphitic layer at the area between membranes is etched through and thus transparent.
(b) SEM image of a diamond sidewall post ICP etching. The amorphous graphitic layer is sand-
wiched between the crystal-like diamond membranes and substrates.

Individual membrane patterns are defined via photolithography. Before applying the photoresist,
the membranes are deposited with alumina (Al,O3) via atomic layer deposition (ALD), which
serves as the hard mask for diamond etching. To reduce the edge bead of the photoresist, we
mount four sapphire substrates with a thickness comparable to that of the diamond to compensate
for the height variation during resist spinning. After exposure and development steps, the pattern
is transferred to the hard mask via Al,O5 etching in a chlorine-based ICP RIE chamber. Individual
membranes are then patterned by applying O, plasma in the same chamber. The etching depth is
deeper than the He™ implantation depth to ensure that the graphitic layer underneath the membranes

is exposed. The Al,Oj5 layer is then removed via acid cleaning, which also thoroughly cleans the
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substrate, preparing for the electrochemical (EC) etching. The microscope image of the patterned
membranes is shown in Figure 2.5 (a). Figure 2.5 (b) shows the scanning electron microscopy
(SEM) image of the sidewall post ICP etching, with clear boundaries between the top diamond

membrane, the graphitic layer, and the bottom diamond substrate.

2.4.3 Electrochemical etching

The central idea of the “smart-cut” method is to generate a uniform underneath layer with different
material properties (mechanical/chemical, etc.) using ion implantation, which has been known to
generate most vacancies at the end of the implantation trajectory. This underneath layer enables
the detachment of the top layer from the substrate for subsequent material integration. In the
context of diamond, the heavy Het implantation induces a phase transition of the carbon bonds
from sp3 to sp2 (amorphous graphite), and this graphitic layer can be selectively removed via tri-
acid cleaning or electrochemical (EC) etching. Compared with acid cleaning, EC etching offers an
efficient undercut with better etching profile control, as the etching takes place at the region near

the cathode.

Figure 2.6: Electrochemical etching of a half- (almost) undercut membrane (dashed orange square)
at the EC etching step. Both microscope images are taken when the membrane is in DI water. The
left (right) electrode in (a) represents the palladium (tungsten) tip used as an anode and a cathode,
respectively. The red arrow in (b) points to the membrane tether. The opaque graphitic layer
exhibits interference colors (green), while the undercut region is almost transparent. The plate on
the upper right indicates a leftover tether where the membrane has been picked up.

The mechanism of the EC etching has been thoroughly studied in previous literature [134, 135].
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Most studies chose noble metals such as gold or platinum for the anode to avoid tip oxidation and
deterioration. We utilize palladium for anodes due to its commercial availability. Tungsten tips
are used as cathodes throughout the study. Typical microscope images of an ongoing EC etching
are shown in Figure 2.6 (a)-(b). There are a few possible chemical reactions to describe the EC
etching process [119]. Some chemical reactions are described as follows:

C(s) + 2H20(q) — COx(g) + 4H2‘aq) +4e”

+

(aq) +2e”

Cs) + H2Oaq) — CO(g) + 2 H

Ci) +4 Hz-aq) +4e” — CHy(g)

g * e~ +HT

H2O(aq) — HO
Here, the “s”, “aq”, and “g” letters refer to solid (amorphous graphite), aqueous (liquid), and
gaseous instances. As shown in the chemical equation, the EC etching generates gas, which has
been observed as “bubbles” generated in water. The presence of air bubbles would typically block
the view of the diamond membranes and raise the difficulty of estimating the etching progress. To
circumvent this, we use freshly prepared de-ionized (DI) water for EC etching. Fresh DI water
tends to have low carbon dioxide concentration, which can be utilized to absorb the EC etching-
induced CO,.

Unlike previous studies utilizing wet membrane transfer post EC etching [120], we apply dry
etching to improve the transfer yield and precision, which will be discussed in the next section. To
prevent membranes from total detachment during the EC etching, we always leave a tether on each

membrane untouched to secure them in place when transferring the diamond substrate out of the

water, as shown in Figure 2.6 (b).

2.5 Membrane transfer via bonding agents

Strong, high-yield material integration enables numerous post-fabrication possibilities and is thus
crucial for a heterogeneous material platform. There are three main approaches to integrating
thin films with carrier substrates. Small footprint material layers and devices, including two-
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dimensional transition metal dichalcogenides (TMD), graphene, hexagonal boron nitride (hBN),
and nanophotonic waveguides or cavities [108, 136, 137], benefit from Van der Waals forces be-
tween layers for heterostructure fabrications. However, the Van der Waals forces-based method
is incompatible with devices with larger geometries, significant thicknesses, or built-in strain.
Therefore, various bonding agents (photoresists, epoxy, fused oxides, etc.) are applied to gen-
erate stronger bonds between layers [95, 120, 138]. The third method, often called direct bonding
or plasma-activated bonding, generates chemical bonds (in most cases, covalent bonds) at the
bonding interface to enhance the bonding quality [139]. This method often requires pristine sur-
face morphology at the bonding interface, which is challenging for nanostructures. Therefore,
most demonstrations are focused on featureless plane film integration. With more than hundreds
of micrometers in lateral sizes, the diamond membranes are not suitable for Van der Waals het-
erostructure fabrication but ideal for other bonding methods. The bonding agent-based transfer is

discussed in this section, while the plasma-activated bonding will be described in the next section.

2.5.1 Diamond membrane pick-up and flipping

PDMS/PC method As discussed in the previous section, dry transfer could significantly improve
the process yield and precision. Inspired by standard TMD materials integration [136], we develop
a method based on polydimethylsiloxane (PDMS) - polycarbonate (PC) stacks. The stacks are
mounted on a micropositioner which enables angle and position precision of 0.001° and 5 um,
respectively. The PDMS is formed via a standard curing process, which involves mixing Sylgard
184 PDMS base and its curing agent, vacuum pumping, and subsequent baking, all taking place
in a shallow Petri dish. Individual stamps are cut from the cured PDMS and placed on glass
microscope slides. PC films are prepared from a PC solution (Sigma Aldrich Poly(Bisphenol A
carbonate), 7% solution in chloroform) and a pair of glass slides, which are then cut into small
pieces and placed on PDMS stamps. The prepared PDMS/PC stacks are then mounted onto a

computer-aided micropositioner (Signatone CAP - 946). As for the membrane pick-up process,

38



we slowly bring the stamp down and allow it to fully adhere to the target membrane. With a quick
movement of the now-adhered stamp, we break the membrane from the tether. Then, we flip the
membrane by replacing the substrate on the chuck with a second PDMS stamp on a glass slide
(no PC film). The detached membrane can be deterministically transferred to this second stamp by
slowly bringing the PDMS/PC stamp into contact with the “stickier" PDMS-only stamp and lifting
the PDMS/PC stamp afterward. The schematic of this transfer process is shown in 2.7 (a), and the

microscope images are shown in Figure 2.7 (b)-(c).

d PDMS PDMS PDMS
P

C
 —  —  —
PC . .
Pick-up with PDMS/PC Transfer to PDMS Transfer to HSQ Bake HSQ

Figure 2.7: Diamond membrane transfer via the PDMS/PC method. (a) Schematics of the general
membrane transfer process. The diamond is flipped during the process to remove the original
membrane afterward. (b) The PDMS/PC stamp approaches the diamond membrane. The PC film
(red dashed rectangle) is under a PDMS stamp, spanning beyond this image. The target membrane
(orange dashed square) is linked to the diamond substrate via a small tether (see 2.6 (b)). (c) The
membrane is transferred to a second, PDMS-only stamp (red dashed rectangle). (d) The membrane
is attached to a resist-coated trench on a thermal oxide wafer. Contaminations under the membrane
can be avoided by a cleaner PDMS/PC stamp preparation.

Patterned PDMS method The considerable size of membranes (over hundreds of micrometers)
enables an alternative method for the pick-up and flipping processes. Instead of playing with the
adhesion difference between PDMS and PC films, we can generate templated PDMS stamps with

different footprints to ensure a deterministic transfer [137]. We start by depositing and patterning a
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thick photoresist layer (SU-8 3050, ~55 um thick after baking) on a 4-inch silicon wafer. Then, we
pour the mixed PDMS base and the curing agent on the patterned and baked silicon wafer, followed
by the same PDMS-making process. The pattern is thus transferred from the SU-8 to each PDMS
stamp. We can generate over 200 PDMS stamps with two different patterns in a single batch. The
PDMS 1-stamp consists of four little square-shaped contacting fingers with 70 um spacing in order
to break the diamond tether and pick up the membrane. The PDMS2-stamp contains a single large
square with 300 pm length to flip and place the membrane. The schematic of the transfer process

is shown in Figure 2.8 (a), with microscope images of the two stamps shown in Figure 2.8 (b)-(c).

a PDMS1 PDMS2 PDMS2
—> —
PDMS1 Carrier wafer

Pick-up with PDMS1 Transfer to PDMS2 Transfer to carrier wafer
| n |
Figure 2.8: Diamond membrane transfer via patterned PDMS stamps. (a) Schematics of the mem-
brane transfer with PDMS1-stamp and PDMS2-stamp. PDMS1-stamp is used to break the dia-
mond tether and pick up the membrane, whereas PDMS2-stamp is used for flipping the diamond
membrane from PDMS1-stamp and subsequent placement. (b-d) Microscope images of (b) align-

ment and pick-up of the diamond membrane using PDMS1-stamp, (c) the membrane flipping using
PDMS2-stamp, (d) membrane placement onto a patterned carrier wafer coated with resist.

Compared with the PDMS/PC method, patterned PDMS stamps offer a few advantages. First,
The shape and, thus, the contact region are defined lithographically instead of manually, which
significantly improves the yield and accelerates the transfer process. Second, patterned PDMS
stamps obtain limited contact areas. The prominence of the adhesion region, which is 50 pm
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taller than the rest of the stamp, ensures only the targeted membrane is contacted. This feature
applies to both the diamond membrane substrate and the final target wafer, which prevents the
“by-caught” issue induced by the PDMS/PC method (pick up undesired membranes or break half-
etched membranes). Third, by only contacting the target membrane, this method enables multiple
membrane transfers following EC etching, which, in the future, can be automated into a single step

for picking up all membranes on the entire diamond substrate.

2.5.2 Membrane bonding with electron beam resist

Following the membrane pick-up and flipping, the next step is bonding diamond membranes with
carrier wafers. In a previous study [120], polymethyl methacrylate (PMMA) was used as the
bonding agent. Despite excellent adhesion, which assists bonding, PMMA is not chemically inert,
preventing the bonded structure from being used for subsequent nanofabrication processes. Here,
we use another electron beam resist, hydrogen silsesquioxane (HSQ), as the bonding agent, which
forms strong bonds post baking [98]. To ensure deterministic membrane placement, we prepare the
carrier wafer with a freshly spin-coated HSQ layer (14 % or 14 % HSQ in methyl isobutyl ketone
(MIBK) solution, DisChem Inc.) right before bonding. The schematics and microscope images
for both PDMS/PC and patterned PDMS methods are detailed in Figure 2.7 (a), 2.7 (d), 2.8 (a) and
2.8 (d). We note that the bonding process is compatible with pre-patterned substrates. Therefore,
some carrier wafers are patterned and etched to create suspended regions on diamond membranes.
The suspension can effectively reduce the optical background from HSQ and enable double-sided
surface termination via wet-chemical or dry processes using acid cleaning and oxygen annealing.

To improve the bonding quality, the carrying wafer is annealed at 600 °C for 8 h in argon environ-
ment post membrane transfer. The HSQ layer fully collapses during annealing, forming a nearly
strain-free layer. The thickness of the HSQ can be tuned via the concentration of the HSQ solvents
or resist spinning parameters. If the diamond membrane is partially suspended, the fluorescence

background of the suspended region can be further reduced by introducing an additional vapor HF
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treatment (Memsstar ORBIS ALPHA) to remove the HSQ in the trench. Finally, in order to etch
the original damaged underlayer (the etched side of the membrane), improve surface morphology,
and tune the final thickness, we apply a three-step ICP-RIE process to the mounted membrane. The
ICP parameters are detailed in Table 2.2 [124]. We start with the “Ar/Cl," recipe (2 min to 5 min,
depending on the target thickness) to improve the surface morphology. Then we use the “O,/Cl,"
recipe (30s to 90 s) to remove most of the chlorine-based compounds from the diamond surface.
Finally, we apply a 30 s “O," etch to further remove the residual chlorine compounds and correctly
terminate the surface while preventing the formation of micromasks [96]. To avoid chemical con-
tamination, etching steps are separated by multiple pump-purge cycles. The microscope image of

a bonded membrane on a pre-patterned fused silica substrate is shown in Figure 2.9.

Recipe name Ar/Cl, | O,/Cl, | O, | Al,Oj5 etching
ICP power [W] 400 700 700 400
Bias power [W] 250 100 100 20
Pressure [mTorr] 8 10 10 5
Cl, flow [sccm] 40 2 0 0
Ar flow [sccm] 25 0 0 10
BCl; flow [sccm] 0 0 0 30
O, flow [sccm] 0 30 30 0
Etching rate [nm min_l] ~73 ~177 | ~175 | ~63 (Al,03)

Table 2.2: Cl-based ICP etching recipe for diamond. The last recipe, Al,O5 etching, is used for
hard mask (ALD Al,O3) removal during the membrane patterning.

2.6 Direct bonding of diamond membrane

2.6.1 Direct bonding process overview

Direct wafer bonding is a mainstream method for integrating heterogeneous materials that are
difficult to grow in heteroepitaxially. Since developed, this method has been widely utilized in
silicon-based semiconductor industry and has been used to produce silicon-on-insulator (SOI)

wafers [140], III-V-on-Si devices [141, 142], nitride materials [143], lithium niobate-on-insulator
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Figure 2.9: Microscope images of a transferred and back etched membrane on a fused silica wafer.

(LNOI) [144] and more. Compared with the fused oxide method [138], direct bonding features
low-temperature operation with much more flexible material choices beyond oxides. Specifically,
the direct bonding of diamond with various materials has been explored, mostly via wet surface
functionalization [145, 146]. However, diamond membranes have huge aspect ratios and must be
handled via carrier wafers to prevent bending and folding. This handling requirement precludes
wet chemical processes (mainly acids) for surface functionalization. Alternatively, we utilize the
all-dry plasma-activated bonding method to bond membranes. The overall schematics of the pro-
cess are shown in Figure 2.10 (a)-(c), with the microscope images of the final bonded membranes
shown in 2.10 (d). The membranes used for direct bonding share the same diamond membrane
substrates for HSQ-based bonding purposes and thus obtain the same surface and material proper-

ties.

Membrane transfer to intermediate wafer Due to strictly better yield and performance, we
use the patterned PDMS method for all membrane transfers in this section. However, instead
of directly transferring the membrane to the HSQ-coated target wafer, now we transfer it to a

photoresist-coated carrier substrate called “intermediate wafer”. The added intermediate wafer
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Figure 2.10: Overview of the membrane direct bonding. (a) Diamond membrane transfer to
the intermediate wafer. From top to down: membrane pick-up from the diamond substrate us-
ing PDMS1-stamp, membrane flipping with PDMS2-stamp, membrane placement to a photore-
sist or electron beam resist covered intermediate wafer. (b) Diamond back etching and down-
stream oxygen plasma treatment. Inset: the detailed layer stack of the ICP-etched intermediate
wafer. (c) Plasma-activated membrane bonding. Left to right: membrane alignment and bond-
ing, temperature-controlled intermediate wafer detachment, and post-bonding annealing. (d) Mi-
croscope images of 155 nm-thick diamond membranes bonded to a thermal oxide substrate with
markers (left) and a fused silica substrate with a 5 um-deep trench etched before bonding (right).

offers a unique chance to remove the damaged layer before the final membrane bonding, which
can also be applied to HSQ-based membrane transfer. The added flipping also results in a growth-
side-up device, which eliminates growth-side morphology constraints for bonding and enables
precise depth control for near-surface and §-doped color centers. The schematic similar to Figure
2.8 (a) is shown in Figure 2.11 (a), with microscope images shown in Figure 2.11 (b)-(d). We
note that the intermediate wafer is pre-patterned with a large central square to limit the bonding
footprint and compensate for the residual approaching angle. Although intermediate wafers in

this work are fabricated from fused silica substrates, in principle, any transparent substrates that
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allow optical wafer alignment could serve as the intermediate wafer. The photoresists used to
transfer membranes from PDMS2-stamps to intermediate wafers are AZ1505 and PMMA. They

have different thermal and chemical properties, which will be discussed later in the section.

a PDMS1 PDMS2 PDMS2
g e
PDMS1 Intermediate wafer

Pick-up with PDMS1 Transfer to PDMS2 Transfer to intermediate wafer
| “ |
Figure 2.11: Deterministic diamond membrane transfer for direct bonding. (a) Schematics of the
membrane transfer with PDMS1-stamp and PDMS2-stamp. (b-d) Microscope images of (b) align-

ment and pick-up of the diamond membrane using PDMS1-stamp, (c) membrane flipping using
PDMS2-stamp, and (d) membrane placement onto the intermediate wafer coated with photoresist.

Prior to the surface functionalization, we first remove the underlying diamond layer that was dam-
aged by the He* implantation. Unlike isotropically-etched diamond frames [108] or ICP-etched
diamond slabs [96], smart-cut diamond membranes naturally contain out-of-plane strain originat-
ing from the lattice mismatch between the damaged layer generated from He* implantation and
the subsequent overgrowth layer. This strain brings a curvature to freestanding membranes due
to their high geometry aspect ratio (usually beyond 500) and has been observed in previous works
[120]. The strain magnitude can be estimated by observing Raman features from both the damaged
layer and the overgrowth layer (100 nm-thick here), as shown in Figure 2.12 (a). The experimental
data is displayed as individual points, which can be fit by two Lorentzian curves. The original

membrane (He™ damaged layer) is indicated as the dashed blue curve with a center wave number
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of 1326 cm ™!, while the overgrowth layer obtains a center wave number of 1332 cm ™1, labeled as
the dashed orange curve. Differences in wave number indicate a ~0.5 % lattice mismatch. In Fig-
ure 2.12 (b), a test membrane partially attached to a PDMS2-stamp is shown, with the upper and
lower parts floated, as pointed by the red arrow. From the interference pattern, we can observe the
extension of the original layer and the compression of the overgrowth layer, leading the membrane

to be curved up.
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Figure 2.12: The out-of-plane strain in smart-cut diamond membranes. (a) Raman spectroscopy
of a transferred membrane prior to the ICP etching. The raw data (black dots) can be qualitatively
fitted by two separate peaks, the damaged (dashed blue line) and the overgrown (dashed orange
line) layers. (b) A microscope image of a curved membrane on a PDMS2-stamp. The interference
pattern is pointed out by the red arrow, which originates from the air gap between a curved mem-
brane and a flat PDMS surface.

In addition, the removal of the damaged layer improves the overall crystallographic quality and
fully decouples the final membranes—isotopically purified with controlled doping—from the low-
cost type-Ila diamond substrate, which reduces a considerable fluorescence background from the
damaged layer and improves the signal to noise ratio for most optical measurements. This step also
defines the final membrane thickness. The actual thinning is performed via multi-cycle ICP-RIE, a
similar process for etching HSQ-bonded membranes but with etching duration limited to 15 s per

cycle to prevent the resist from overheating, crosslinking, or softening.
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Surface plasma activation Unlike ICP-RIE plasma etching which is dominantly used for sub-
strate etching with no sign of surface functionalization, surface activation utilizes downstream
plasma ashing that has negligible etching rates due to the remote plasma generation mechanism.
There are multiple gas options for surface plasma activation, including N,, Ar, and O, [147-
149]. We choose O,-based plasma due to their better performance on diamond and other materials
[150, 151]. Both diamond membranes and target substrates receive plasma treatments at room
temperature to prevent degradation from elevated temperatures and enhance the bonding quality.
Temperature dependence on plasma treatment effectiveness can be quantitatively measured via
contact angle measurements, which will be discussed in the following subsection.

In this work, we investigate two recipes of downstream plasma ashing for surface activation. One
recipe is the standard O, descum (gas flow 100 sccm, RF power 200 W for 25 s) which is usually
used for photoresist clean-up post developing. The second recipe is a customized high-power
ashing (gas flow 200 sccm, RF power 600 W for 150 s) to enhance the plasma effectiveness, with
doubled or tripled process duration for some inert materials (sapphire, lithium niobate, Yttrium
iron garnet, etc.). Although surface activation of only one bonding interface is viable, we prefer to
prepare both interfaces for most device preparations. Diamond membranes are usually treated with
the O, descum to minimize the contamination from the chamber, while carrier substrates receive
the high power process to improve the plasma effectiveness (hydrophilicity). Detailed analysis of
plasma treatments on surface morphology, hydrophilicity, and chemical elements are discussed in
the following subsection. We note that plasma treatments also affect the optical background and
the charge stability of the color centers hosted in the diamond membranes. They will be further

discussed in Chapter 5.

Bonding process of diamond membranes In contrast to the diamond membrane transfer based
on the adhesion difference between PDMS stamps and HSQ-coated substrates, the direct bonding
involves two substrates—intermediate and target wafers—with limited adhesion flexibility. Al-

ternatively, we realize the bonding process by utilizing the material properties of photoresists at
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different temperature stages. Specifically, we spin-coat intermediate wafers with a thin layer of
positive resists, which obtains much-reduced viscosity after reaching the softening temperature.
The softening process grants a smooth detachment in heated environments after the membrane
bonding. Two types of resists are used in this work. The photoresist is AZ1505 (Microchemicals
GmbH) with 500 nm thickness which obtains a softening temperature (glass transition temperature
Ty) between 100 °C and 110°C. The other is the 950 K PMMA A4 (Microchemicals GmbH)
which has a Tj; between 95 °C to 106 °C. The resists are interchangeable for most bonding scenar-
ios, but removing AZ 1505 after the bonding process requires acid cleaning, which is incompatible
with some specific substrates and devices.

With both the intermediate wafer carrying ICP-etched diamond membrane and the target wafer
treated with plasma, we continue and perform the bonding process. The schematics are shown in
Figure 2.13 (a). First, we mount the patterned intermediate wafer onto a micropositioner-controlled
glass slide via a flat, chip-size PDMS stamp. We secure the target substrate to a temperature-
controlled stage. Due to the configuration of the micropositioner, only one tilting angle can be
set to 0°. Therefore, the overall approaching angle is a small (<2°) but weakly defined value.
Future utilization of dedicated wafer-bonding equipment will significantly improve the precision,
tolerance, and device yield of all transfer steps. Leveraging optical access through the transparent
intermediate wafer for alignment using a bright-field camera, we move the membrane to the target
location and bring it close to the substrate. The alignment precision is 30 pm, and the in-plane angle
precision is 0.1°, both limited by the micropositioner tilt angle mentioned above. Post alignment,
we slowly bring down the intermediate wafer until part of the membrane is in contact with the
target substrate, indicated by the appearance of an interference pattern as exemplified in Figure
2.13 (b). We then step-wise increase the temperature beyond the 7}, (75 °C, 95 °C, and 125 °C for
AZ 1505, 90°C, 130°C, and 170 °C for PMMA), allowing the resist to reach thermal equilibrium
at each stage to enable a smooth resist re-flow. We note that abrupt temperature changes can cause

undesirable resist re-flow across regions and impact the bonding quality. Once the temperature
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reaches the highest stage, the resist layer thoroughly softens, and the intermediate wafer tends
to shift translationally to release the stress, as shown in Figure 2.13 (c). Next, the intermediate
wafer is slowly moved away from the membrane and lifted via the motorized stage, leaving the
membrane on the target substrate covered by some residual resist, as shown in Figure 2.13 (d).
Finally, the bonded heterostructure is left to cool down till room temperature, preparing for the
subsequent annealing to enhance the bonding strength. Stripping the resist before annealing could

potentially cause the membrane to detach due to the poor bonding quality at this point.
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Figure 2.13: Plasma-activated membrane bonding. (a) Schematics of the direct bonding process.
(b)-(e) Microscope images of (b) membrane alignment and initial contact. The interference pattern
is induced by a non-zero approaching angle. (c) The membrane is bonded to the target wafer with
resist re-flow at or above glass transition temperatures. (d) The bonded membrane with residual
resist after lifting the intermediate wafer. (e) The membrane post baking and (optional) resist
removal. Here, the AZ 1505 photoresist was applied, which requires a di-acid clean, but the
PMMA-based bonded membrane requires no further cleaning post annealing.

Post bonding treatments The quality of the plasma-activated bonding highly depends on the
formation of the covalent bonds, which can be greatly strengthened by additional annealing. The
annealing can also remove the —OH bonds inside the bonded interface if present [150, 151]. Here
We anneal the heterostructure at 550 °C for 8 h to 14h under argon forming gas environment

(96 % of Ar, 4 % of H, at atmosphere) to minimize undesired oxidation. We note that the bonding
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strength when annealed at 450 °C is insufficient, showing membrane detachment from the carrier
substrate during the acid cleaning. This phenomenon might be explained by a less inert diamond
surface to oxygen when the temperature exceeds 450 °C, which is approximately the temperature
for standard diamond oxygen termination [78].

For the case of PMMA-based bonding, this annealing also removes the residual resist and leaves
a clean direct-bonded membrane as the final product [152], which is gentle and compatible with
acid-sensitive substrates. Microscope images of diamond membranes bonded to thermal oxide
and fused silica wafers are shown in Figure 2.10 (d), revealing a high alignment accuracy and
the compatibility of bonding membranes to structured materials. A regular bonded device using
AZ1505 is shown in Figure 2.13 (e). The overall process yield stands above 95 %, limited by
inconsistent plasma ashing chamber conditions and the poorly controlled approach angle of the
transfer station, which can be readily improved by transitioning to process-specific tooling.

The compatibility of post-nanofabrication is an important aspect of the bonded structures. We
observe that our bonded membranes are compatible with isopropyl alcohol, acetone, potassium, or
tetramethylammonium hydroxide (TMAH) based developers (such as AZ 300 MIF or AZ 400K),
heated (80 °C) N-Methyl-2-pyrrolidone (NMP), and room temperature NanoStrip. However, the
tri-acid cleaning (1:1:1 H,SO4:HNO5:HCIO, at refluxing temperature), hot (>80 °(C) Piranha (3:1
H,S0,4:H,0,), and hot NanoStrip may damage the bonds and loosen the membranes from the

target wafer. Future process development is needed to be compatible with these strong chemicals.

2.6.2 Plasma treatment analysis

Contact angle The effectiveness of the plasma surface activation can be characterized by track-
ing the change in surface hydrophilicity of the bonding interfaces via contact angle measurements
[153, 154] on diamond and target wafer surfaces (Kruss DSA100A dropped shape analyzer). We
use single crystal diamond substrates (3 mm by 3 mm) in this experiment due to the limited resolu-

tion of the water drops and the camera. To be consistent with the footprint of measured substrates,
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the dispense rate is set to 2.67 uL. s~1, which translates to a typical droplet size between 4 uL to
5 uL. Figure 2.14 (a)-(b) show the contact angle analysis of diamond and thermal oxide substrates
before and after high-power plasma ashing. For the diamond surface, the contact angle reduces
from 52.4°40.7° to 6.1°. Similarly, the thermal oxide shows a reduction of contact angle from
101.15°40.05° to 8.2°, indicating a considerable increase of hydrophilicity and thus better plasma-
activated bonding quality [155]. In contrast, there is no noticeable change in the contact angle post

ICP-RIE etching, demonstrating fundamental differences in surface preparation between the two

methods.
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Figure 2.14: Surface hydrophilicity characterization via contact angle measurements. (a)-(b) Con-
tact angles of native (top) and high-power plasma-treated (bottom) diamond and thermal oxide
substrates. (c¢) Aging of hydrophilicity on various substrates. (d) The hydrophilicity of diamond
surface with (blue) or without (orange) 30 s baking on a 90 °C hotplate.

We characterize the aging of the plasma treatment by tracking the contact angle of various sub-

strates over time. The substrate list includes diamond, fused silica, thermal oxide, sapphire, and
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lithium niobate on insulator (LNOI). The degradation of hydrophilicity shown in Figure 2.14 (c)
indicates the need for a timely bonding process. In addition, we tested the temperature dependence
of the hydrophilicity by baking the plasma-treated diamond sample on a 90 °C hotplate for 30's
before the contact angle measurements. Contact angles in Figure 2.14 (d) show a hydrophilicity
decay, possibly due to the loss of surface-absorbed water molecules. Guided by this observation,

all plasma treatments are performed at room temperature.

X-ray photoelectron spectroscopy (XPS) XPS is another method to quantitatively characterize
the plasma treatment by detecting the near-surface chemical bonds. First, we note that the plasma
treatment results in a reduction of surface amorphous carbon sp2 bonds as quantified by the more
reliable D-parameter extrapolation of the C KLL line [156, 157]. Furthermore, the decrease from
the raw C 1s quantification (likely an increase of ether-like terminations [78]) and an increase of
surface available sapphire-O bonds indicate an effective surface preparation and oxygen termina-
tion to both surfaces, as shown in Figure 2.15. Similar behavior is confirmed on all other target

bonding materials with observed contact angles below 20° post treatments.
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Figure 2.15: The contact angle and XPS of diamond and sapphire pre- and post-high-power plasma
treatments. An increase in hydrophilicity is observed via the decrease in the contact angle. The
effect of oxygen termination is observed through the reduction of the carbon sp2 as obtained from
C KLL extrapolation of the sp/sp- ratio and the enhancement of the sapphire-O signals as obtained
from the O 1s peak quantification.
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Surface morphology of carrier wafers Another critical factor for successful bonding is the sur-
face morphology on both the diamond membrane and the carrier wafer. Ideally, both surfaces
would obtain a roughness of less than 1 nm. In this paragraph, we focus on the impact of down-
stream plasma asher recipes on carrier wafers. The diamond membrane side will be discussed in
the next section. The surface morphology is investigated via AFM. Both small (200 nm by 200 nm)
and large (10 um by 10 um) scale scans are applied to capture features of various sizes. Here, two
widely used carrier substrates are analyzed: fused silica and thermal oxide silicon. Values of sur-
face roughness R4 are shown in Table 2.3. Both wafers exhibit sub-nm R4 out of the box, and their
surface morphology is maintained after the ashing step with no correlation to power or duration
settings. Therefore, we conclude that our plasma recipe has no significant effect on the surface

morphology of these carrier wafers.

Carrier wafer type AFM area No plasma | O, descum | Custom O, plasma
Fused silica 200nm x 200nm | 0.324nm | 0.281nm 0.366 nm
10 pm x 10 pm 0.685nm | 0.581nm 0.528 nm
Thermal oxide 200nm x 200nm | 0.257nm | 0.290 nm 0.352nm
10 pm x 10 pm 0.270nm | 0.427nm 0.293 nm

Table 2.3: Surface roughness R, of fused silica and thermal oxide wafers under various plasma
recipes.

2.6.3 Bonded interface analysis

The quality of the bonded diamond can be directly studied using high-resolution transmission elec-
tron microscopy (HRTEM), which obtains an atomic-level understanding of the bonding interface.
Figure 2.16 (a) shows a cross-sectional image of a 10 &£ 0.3 nm-thick diamond membrane bonded
to a C-axis (0001) sapphire substrate. The diamond membrane is ICP-thinned from ~309 nm post
bonding. The thinness and uniformity shown in the figure reflect the high level of process control
and allow the single field-of-view characterization of both diamond membrane interfaces. The
image reveals several critical features. First, the membrane exhibits uniform crystallinity and mor-

phology throughout its thickness. Second, we observe a sharp, sub-0.5 nm interface between the
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crystalline diamond and sapphire. Third, there is a repeating atomic arrangement throughout the

interface profile, strongly indicating a covalently crosslinked interface [158—161].
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Figure 2.16: HRTEM of the bonded diamond interface. (a) HRTEM image of a 10 nm-thick mem-
brane bonded to a c-plane sapphire substrate. The 2 nm intermediate layer on top of the diamond
comes from the lack of surface control before gold deposition, which is designed to protect the
diamond membrane from being damaged by the Ga ion beam used for specimen preparation. (b)
Top: the zoomed-in HRTEM image of the diamond-sapphire bonding interface, the red dashed

rectangle region in (a), showing a sub-0.5 nm thickness of the bonding intersection. Bottom: EDS
elemental analysis across the bonding interface.

An alternative method to characterize the bonding interface is the Energy Dispersive X-ray Spec-
troscopy (EDS) analysis, which detects various elements associated with the intersection. In our
case, we focus on C, Al, and O. The scanning transmission electron microscope (STEM) image
and the STEM-EDS mapping are shown in Figure 2.17, with the summary figure shown in Figure
2.16 (b). The analysis places an upper limit on the bonding interface to be less than 2 nm. We note
that the EDS analysis artificially broadens the interface due to the slight angular mismatch between

the electron beam depth projection and the actual physical interface.
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Figure 2.17: Additional atomic scale analysis of the bonded membrane. (a) HAADF-STEM of the
diamond-sapphire heterostructure. (b)-(d) STEM-EDS elemental analysis of the diamond-sapphire
heterostructure. The intensity plots of carbon, oxygen, and aluminum elements at the cross-section
are shown in (a), (b), and (c), respectively.

2.7 Material characterization

2.7.1 Isotopically-purified overgrowth

The isotope engineering of diamond is realized by managing the ratio of methane gases with dif-
ferent carbon isotopes (12CH4 and 13CH4) during the growth process. The concentration of the
13¢C nuclear spin bath in diamond can have multiple implications for quantum technology studies.
Firstly, the nuclear spin bath induces spin-spin interactions with the target qubits—NV™ or SiV™—
and reduces their spin coherence time [67]. Secondly, the 13C nuclear spin in the vicinity can serve
as quantum memory [129], which can be further utilized for error correction purposes [45]. The
research performed in this work focuses on the limit of the minimal nuclear spin environment by

using only 12CH4 during the membrane overgrowth to realize the highest achievable qubit coher-
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Figure 2.18: SIMS characterizations of a typical isotopically enriched diamond growth showing
99.99 at.% !2C diamond.

ence as a metric of the diamond membrane quality for quantum applications. Other nuclear spin
concentrations for various purposes are achievable and will be investigated in subsequent studies.
The quality of the 12¢ enrichment is characterized via secondary ion mass spectrometry (SIMS).
A typical carbon isotope scan of an overgrown layer on bulk diamond using 12CH4 is shown in
Figure 2.18 (a). We note that 99.99 at.% 12¢ concentration can be achieved reproducibly during
growth, which is two orders of magnitude reduction of e compared to natural abundance. This
number is currently limited only by the isotopic enrichment of the precursor CH, gas and can be

further improved.

2.7.2  crystal quality

The crystal quality of diamond can be characterized via room temperature Raman spectroscopy.
As discussed in Figure 2.12 (a), He™ implantation introduces crystal strain and lattice damage to
the diamond, showing as downshifted and broadened Raman peaks. Through careful CVD growth
parameters calibration, the overgrown diamond can have much better crystallinity, as shown by the
narrow and upshifted Raman peaks compared with the damaged layer. In our characterization, a

633 nm excitation laser is used instead of the more popular 532 nm to avoid broad fluorescence
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from NV~ centers in the substrates. The finest grating (1800 gr mm 1) is used for data collection,
which acquires a quoted resolution of ~0.3 cm ™ 1.

An appropriate reference diamond is critical for the crystal quality characterization. The reference
we use is an electronic grade, single-crystal diamond from Element Six, which obtains pristine
crystal quality with minimal impurity concentration. Furthermore, we ICP-etch the top ~5 pm of
the diamond substrate and subsequently anneal it to remove the residual strain induced by surface
polish [78, 124]. The absence of strain variation provides the narrowest possible Raman linewidth
(1.570(1) cm 1 at 1331.65 cm 1) for the subsequent crystallinity comparison, shown as the yellow
curve in Figure 2.19.

The Raman features of overgrown membranes are shown in the same figure. The membrane with
an ~185 nm overgrowth layer (20 h growth in 500 °C, back-etched down to 100 nm) presents a
Raman linewidth of 1.779(5) cm ™! (green curve), slightly larger than the reference value. Re-
markably, the isotopically purified, ~370 nm overgrowth membrane (40 h growth in 500 °C, back-
etched down to 110 nm) obtains a linewidth of 1.375(2) cm ™!, which is significantly lower than
anything (including the reference bulk diamond) reported previously [118]. This ultra-narrow Ra-
man peak indicates the crystal is free of impurities and defects. Additionally, the up-shifted and
narrow peak, in comparison with the bulk spectra, is consistent with the change of the Raman tran-
sition via isotopic purification of a high-quality diamond structure [162]. Therefore, the Raman
spectra indicate that these diamond membranes are of ideal crystal quality to host coherent color

centers for quantum applications.

2.7.3  surface morphology

Another material property of diamond membranes is surface morphology. Uneven surfaces can
form various dangling bonds and charge traps that significantly impact the surface termination and
the spin coherence of near-surface color centers [78]. The surface roughness also determines the

bonding quality of direct-bonded diamond membranes. To systematically characterize the surface
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Figure 2.19: Room temperature Raman spectroscopy of diamond membranes and the reference
diamond substrate. Green: The ~185nm (20 h) overgrowth membrane back-etched down to
100 nm. Red: The ~370 nm (40 h) overgrowth, isotopically purified membrane back-etched down
to 110 nm. Yellow: A surface strain-released, electronic grade single crystal diamond used as the
reference.

roughness of diamond membranes, we apply atomic force microscopy (AFM) at every fabrication

step. A summary of the roughness R4 is shown in Table 2.4, with the AFM images of the final

diamond membrane shown in Figure 2.20.

1T nm

T nm

Figure 2.20: Surface morphology of diamond membranes. (a-b) AFM images of overgrowth pat-
terns (as-grown side of membranes) at different heating plate temperatures. (c) An AFM image on
the etched side of the membrane after multi-step etching.

To realize scalable and affordable membrane synthesis, we choose type 2a, optical grade single
crystal diamonds as seed substrates, which has a surface roughness 12, of ~30 nm with numerous
polish defects. To minimize the growth defect concentration and improve the membrane surface
morphology. we apply another fine-polish step to reduce the roughness to Rg = 0.30 nm. Addi-
tionally, this fine polish step ensures the final surface miscut (relative angle to the crystallographic

(001) axis) is within <3°. Although this value is relatively consistent within a single substrate
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Fabrication step/condition AFM area surface roughness R, (nm)
As-purchased 10 pm x 10 pm ~30 nm
Fine-polished 10 pm x 10 pm 0.2nm

He™ implanted and annealed 10 pum x 10 um 0.27 nm
Overgrowth performed at 500 °C 10pum x 10 pm 0.30 nm
Overgrowth performed at 700 °C 10 pm x 10 pm 0.31 nm

Overgrowth with excessive H etching 10 pm x 10 pm 0.69 nm
Overgrowth with surface contamination 10 pm x 10 pm 18.6 nm
Membrane post transfer 10 pm x 10 pm 1.17nm

ICP etching with only Ar/Cl, step 200 nm x 200 nm 0.54 nm

Post complete ICP etching 10pum x 10 ym 0.3nm

ICP etching with only O, step dUm X Hpum 6.78 nm
ICP-etched membrane with O, descum 200 nm x 200 nm 0.28 nm
ICP-etched membrane with strong O, ashing | 200 nm x 200 nm 0.84nm

Table 2.4: Surface roughness 4 of diamond membranes at different fabrication steps. The growth
side is colored in blue, while the etched side is colored in red.

batch, it can vary between substrate batches, affecting the effective implantation angle and over-
growth characteristics [91]. The fine-polished substrates are subject to the He™ implantation and
annealing. Although the implantation creates a phase change of carbon covalent bonds from sp3 to
spz, the recovered diamond top layer preserves the surface roughness (g < 0.30 nm). This level
of Ry is necessary for the diamond overgrowth step with minimal defect concentration.

The implanted and annealed diamond substrates serve as templates for subsequent overgrowth.
Figure 2.20 (a) and (b) shows the overgrowth side AFM at different hotplate temperatures. Al-
though this temperature modifies the growth condition and the growth rate, both 500 °C (for 20 h)
and 700 °C (for 40 h) return smooth surfaces showing distinct step-flow growth striations [90] with
a roughness 7g of <0.31nm. This number is less than the diamond lattice constant 0.357 nm.
Therefore, we claim the overgrowth side of the diamond membrane obtains an atomically smooth
surface. We note that reaching such a smoothness with minimal growth defect concentration is not
straightforward, as many other growth parameters could influence the surface morphology. For
instance, the 40 h overgrown diamond surface with a pre-growth 60 min hydrogen plasma etch

returns a Ry of 0.69nm. In addition, the residual surface strain from the fine polish may also
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be a factor. An ICP-based surface strain release step [124] after the fine polish could release the
strain and improve the surface morphology. Another example is a 40 h growth without proper sur-
face preparation (acid cleaning). Residual contamination on the diamond surface generates growth
defects (such as pits or pyramids) along the process and causes an increase of 124 to 18.6 nm.
Unlike bulk diamond, membrane obtains two surfaces, and the etched side—the side defined via
He* implantation—could also affect the color centers’ coherence. When the membrane is freshly
picked up from the diamond substrate, the Rq is ~1.17 nm, originating from the straggle of the
He™ implantation. This roughness can be reduced via Ar/Cl,-based ICP etching. This physical-
chemical etching has much faster etching rates for most materials than diamond, which could ef-
fectively remove the contamination and maintain or even improve the surface morphology during
the process [163]. The R, post Ar/Cl, etching is 0.54 nm, indicating the presence of Cl-based con-
tamination on the diamond surface discussed in previous studies [96]. Such contamination can be
chemically removed by introducing O,/Cl,-O, ICP etching recipes, showing a R4 of 0.3 nm post
complete etching. We note that the Ar/Cl, etching is critical to prevent roughness deterioration,
as Ry increases noticeably if the O, etching is applied directly (6.78 nm) due to the preferential
etching nature of an O,-based plasma on crystallographic defects and polish-induced damage.
Another fabrication step affecting surface roughness is the downstream plasma ashing. We tested
two plasma recipes, the O2 descum, and the high power recipe. No changes of R4 post O, descum
treatment is observed (0.28 nm), but the high power recipe returns a worse surface morphology,
with a Rq of 0.84 nm. This is explained by the appearance of particle-like dust introduced from the
chamber since the R of the contamination-free area remains to be <0.35 nm. Such contamination
can be reduced by switching to more specialized tooling. We currently use O2 descum for most

diamond membrane bonding to minimize contamination and improve the bonding quality.
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2.7.4 Height and thickness variation detection

There are three different approaches to measuring the height, thickness, and variation of the trans-
ferred membrane, including two-dimensional (2D) confocal laser scanning microscopy (CLSM),

ellipsometry, and one-dimensional (1D) profilometry.

2D height mapping via CLSM The complete two-dimensional (2D) height map and surface
topology of diamond membranes can be measured via CLSM (Olympus LEXT OLS4100 with a
405 nm laser). A microscope image of a diamond membrane directly bonded to a thermal oxide sil-
icon substrate with the CLSM result is shown in Figure 2.21. Here the bonded membrane shows a
uniform height of 309 + 8 nm, with an equipment resolution of ~10 nm. Due to this relative coarse
resolution, the CLSM is mainly used for detecting large-scale height inhomogeneity of diamond

membranes’ growth sides, including growth defects [164] and transfer process contamination.

Figure 2.21: CLSM of a diamond membrane bonded to a thermal oxide silicon substrate. (a)
The microscope image of the characterized device. In this image, several growth defects can
be identified on the diamond membrane. (b) The 2D height map of the diamond membrane which
shows an average height of 309+8 nm. The raw data has received a plane-fit adjustment to remove
substrate tilt aberrations. The X-Y resolution is quoted as <0.2 um, whereas the Z resolution is
hardware defined to be <10 nm.

Ellipsometry The ellipsometry method is able to provide accurate results for very thin trans-
parent layers (<100 nm). Therefore, we apply this method for 50 nm-thick membranes used for
photonic applications, which will be discussed in the next chapter. This technique was initially

applied in nanophotonic integration studies [165]. Due to the size limitation of the membrane, the
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scanning area is set to 85 um x 35 um and is carefully aligned to the membrane surface. To fit the

diamond layer, we use Cauchy’s equation for transparent materials:

B-10* (©-109
+ +

n(A) =A 12 URE

2.1

where A = 2.378, B = 1.300 and C' = 0.000, extracted from [166]. By using this model, we get a

<4 nm height uncertainty for <50 nm membranes.

Profilometry The profilometry characterization can precisely measure the one-dimensional (1D)
height profile of the membrane and is commonly used in the fabrication process for growth rate
and global height variation characterizations. The measurement is mostly performed on diamond
membrane devices post transfer. To improve the accuracy, the scanning trajectory covers the full
length of the membrane.

The two diamond growth processes discussed in section 2.3.2 with substrate hotplate temperature
set to 500 °C and 700 °C, yields growth rates of 9.3(8) nmh~! and 6.2(4) nmh™1!, respectively.
The uncertainty of the growth rate originates from multiple measurement trajectories. This growth
rate reduction can be explained by increased surface mobility and desorption of precursor adatoms

[167], and probably a non-linear reduction of nucleation sites.
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Figure 2.22: Profilometry of a membrane-silicon heterostructure. The membrane region is high-
lighted by two dashed orange lines. The thickness of the membrane is 493.7 nm with a standard
deviation of 1.1 nm.
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For the global height variation characterization, we normally scan the final diamond membrane
devices post cleaning. A typical direct-bonded diamond membrane on a silicon substrate is dis-
played in Figure 2.22, showing a height variation o of ~1nm. This value demonstrates the ex-
cellent flatness of the direct bonded devices. We note that this thickness variation o is below
the minimum detectable height of the equipment (10 nm) and the instrument resolution (1.5 nm)
for large-scale scanning. As a comparison, the HSQ-bonded diamond membrane often obtains a
flatness of ~10nm. In general, uniform thickness across the entire membrane area is crucial for

quantum photonics applications, which will be discussed in the next chapter.

2.7.5 Comparison of the two bonding methods

The two bonding methods, HSQ-based bonding and direct bonding, share a lot of similarities.
Unlike other bonding methods that purely rely on Van der Waals forces [108], both methods offer
strong bonds that remain effective against most nanofabrication processes (not HF) and cryogenic
temperatures. In addition, they are both compatible with many carrier wafer choices and pre-
patterned devices, which significantly improves the versatility of the platform. Furthermore, both
bonding procedures obtain device yields above 90 % with room for further improvement, which is
promising for scalable manufacturing. In a number of application scenarios, including group IV
center measurements and thermal transport characterizations, both bonding methods are effective
and thus interchangeable.

Comparably, the HSQ-based method has an even broader wafer choice —almost every substrate
that can withstand the high-temperature annealing at 600 °C. Therefore, this method can be applied
to the carriers that are relatively inert when receiving the surface plasma functionalization process.
In addition, the method is compatible with most nanofabrication steps, including the well-known
tri-acid cleaning [78], piranha clean, and even ultrasonication if no suspended diamond membrane
is present. The HSQ method also provides a unique chance to perform strain engineering due to its

special thermal properties at a certain annealing temperature range [168]. We will further discuss
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the utilization of this unique property in Chapter 4. In contrast, the current direct-bonding method
has slightly fewer carrier wafer choices due to the plasma activation efficiency, lower device yield
due to incomplete control of the bonding approaching angle (which can be improved by switching
to wafer bonder), and more strict post-nanofabrication methods. However, this method obtains
much less fluorescence backgrounds, height variation and optical loss, which is ideal for NV™-

based quantum sensing and quantum photonic applications.

2.8 Conclusion

In this chapter, we report a complete process flow to create diamond-based integrated material het-
erostructures based on the “smart-cut” technique. While this approach has been investigated before
[120], this is the first demonstration to grow single crystal diamond on a damaged template with
bulk-like crystal quality showing unprecedentedly narrow Raman linewidth and minimal growth
defect concentration. The overgrown and ICP-etched diamond membrane obtains precise thick-
ness control and atomically smooth surfaces on both sides. We further introduce isotopic purifica-
tion during growth and ¢-doping of I5N for coherence protection and deterministic depth control
of NV~ centers, which will be applied and characterized in the following chapters. In addition,
we present two dry transfer and bonding methods to deterministically integrate pristine diamond
membranes with various carrier wafers. Both methods obtain near-unity device yield, excellent
nanofabrication compatibility, and allow for pre-structured substrates. In particular, the direct-
bonded diamond membranes acquire nanometer-level height variation across the full membrane
length ~200 pm, with the HRTEM image revealing ordered, sub-nanometer bonding interfaces.
While our current membrane size is 200 um by 200 um, which is well motivated by scientific
applications, larger membranes with millimeter size have been achieved [118]. Therefore, our
technique has no technical barriers to realizing larger dimensions. Being compatible with standard
semiconductor manufacturing processes, including wafer bonding, our method is promising for
diamond-based quantum and electronic technologies. In the following few chapters, we will dis-
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cuss our diamond membrane as a great platform for quantum photonics and an ideal host for spin

defects such as NV~ and group IV centers for quantum sensing and networking applications.
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CHAPTER 3
DIAMOND MEMBRANE FOR ON-CHIP NANOPHOTONIC

INTEGRATIONT

Abstract

Engineering photonic density of states near quantum emitters is critical to achieving efficient and
tunable light-matter interactions. By modifying local optical environments and establishing cou-
pling with emitters, we can manipulate their optical emission both spatially and spectrally. In the
context of diamond and color centers, photonic state engineering is often realized via external mi-
crocavities or on-chip nanophotonic cavities. In this chapter, we will discuss the optical properties
of the diamond membrane platform and its unique advantage in fabricating high-Q nanophotonic
cavities. Following a general introduction to ring resonators, photonic crystal cavities, and their
coupling to emitters, we will discuss three different types of nanoscale optical devices based on
the diamond membrane platform: TiO,-deposited fishbone cavities, fully-contact ring resonators,
and suspended one- and two-dimensional photonic crystal cavities. These complementary cavity
designs have great potential in efficient coupling with color centers for quantum photonics and

networking applications.

3.1 Introduction

Most quantum objects used for qubits or qubit generation have atomic, microscopic, or mesoscopic
length scales with relatively weak responses to control pulses and readouts. Therefore, engineering
local density of states for improved interaction is crucial for qubit initialization, coherent control,
and readout. Depending on the physical form of the information carriers and their energy scales,

the device for density of state engineering can have many names and implementations. For in-

1. The work discussed in this section was reported in [94, 165, 169]
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stance, microwave photon cavities often have the form of three-dimensional harmonic oscillators,
coplanar waveguide resonators, or lumped LC element oscillators, which are commonly used in
superconducting circuits [170—172], donors in silicon [173], and quantum dots [174]. Microwave
phonons can live in high-overtone bulk acoustic resonators (HBAR), phononic cavities, or mechan-
ical oscillators to couple with superconducting qubits or microwave and optical signals [175-177].
The spin waves inside ferromagnetic materials can be trapped inside the magnon cavity to realize
novel couplings [178]. At optical frequency, photonic cavities can have many forms, including
fine-polished mirror cavities for neutral atoms [179], photonic crystal (PhC) nanocavities, Febry-
Perot microcavities to couple lights to quantum dots or other quantum emitters in solids state
materials [17, 180, 181].

In the context of diamond, color centers (NV™, group IVs) are promising qubit candidates. How-
ever, due to the relatively high refractive index of diamond (n4jzmond = 2-42), most of the photons
emitted by color centers are reflected from the diamond-air interface, with only up to 3 % being
collected. To address this issue and improve the overall collection efficiency, some studies focus
on reducing the internal reflection ratio using solid immersion lenses [43] or nanodiamonds [182].
These methods can improve the collection efficiency up to 30 % to 40 %. Further improvement
must include engineering the photon density of states using optical cavities. Besides, new forms of
qubit can appear if strong light-emitter coupling can be achieved [68]. There are two major trends
for the physical implementation of the optical cavities. One method uses microcavities made of
flat or curved Fabry-Perot (FP) mirrors and engineered fiber tips [183]. This method is quite flexi-
ble when choosing emitter locations, and some cavities have exceptionally high finesse. However,
they suffer from relatively low Purcell enhancement (a metric to define the emitter coupling, as
discussed below) due to the large mode volume. Their scalability is also questionable, as quantum
emitters require individual cavity setups. The other method is fabricating on-chip nanophotonic
cavities (not necessarily made of diamond) and coupling color centers to the optical field maxi-

mum. This method usually obtains much higher Purcell enhancement and thus cooperativity C'
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[62], but it requires precise location control of the color center implantation, which is often re-
alized via masked implantation or nano implantation [184, 185]. Moreover, this method lacks
the selection step of color centers and cavities post fabrication, which reduces the device yield.
Nevertheless, given the better and consistent performance of the nanophotonic devices and the
continuously improving quality and yield, we will focus on the nanophotonic integration in this
chapter and discuss the improvements introduced by the diamond membrane platform.

We will start by introducing two major types of on-chip designs: ring resonators and PhC cavi-
ties, followed by the metrics to evaluate their performances: finesse F and quality factor (). We
will then discuss the coupling between emitters and the cavity, with more related parameters in-
volved: spontaneous emission rate, Purcell enhancements F'p in the weak coupling regime, and

the cooperativity C in the strong coupling regime.

3.1.1 On-chip nanophotonic cavities

Ring resonator The design of the ring resonator originates from the optical waveguides, which
are able to transmit optical signals (photons) through a long distance. These waveguides typically
have a higher refractive index compared with the surrounding environment. From classical un-
derstanding, the refractive index discrepancy creates a total internal reflection condition that traps
lights with large incident angles in the waveguide. When the cross section becomes smaller, the
waveguides cannot host every spatial mode of the incident light. Instead, only several modes with
significant spatial overlap with the transverse pattern of the waveguide are allowed to propagate.

Similar to electromagnetic fields in the vacuum, the field inside waveguides also gains phases dur-
ing propagation. When a waveguide becomes a ring with a radius much larger than the wavelength
of the light, the propagating light after the round trip will interfere with the incident light. Depend-
ing on the phase condition, this ring provides constructive interference and amplifies the incident
field at certain wavelengths—a ring resonator. Typically, a ring resonator is coupled to other rings

and waveguides to be fully functional. In this section, we will introduce only two simple cases:
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a ring resonator coupled to one waveguide and two waveguides. More detailed derivation can be

found in Ref [186]. All optical components here are considered to be reciprocal.

a Input _El rt _E2> Output b Input 1 r,t, E2Throughout
v/ \F
Esl | Es
Drop ryt

Figure 3.1: Schematics of the ring resonators. The single waveguide version is shown in (a), and
the double waveguide version is shown in (b). The port definition is in accordance with Ref [187].

The schematic of the single waveguide ring resonator is shown in Figure 3.1 (a). We use a scatter

matrix S to connect the fields of input-output elements:

) Eq S11 S12| |1
g _ 3.1)
Ey E3 So1 Sog| | E3

Here all elements in S are complex numbers. Since the coupling itself is reciprocal, we can reverse

the input-output ports and write the equation as:

=S* (3.2)

Therefore, we reach a simple equation for S: SS* = I. From this equation we can write S99 as

S22 = —

*1. Furthermore, we regard the coupler as a lossless element. According to the
energy conservation law, we thus have
(Bl + By = | By + | B (3.3)

From this equation, we are able to extract two relations between S parameters: S29 = —%S 110
21
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and |511|2 + |821|2 = 1. Combining these equations, if we write S71 as 7. and S21 as t. (two

complex numbers), we then have an S matrix of:

r t
s=|° ° (3.4)
te —1p g—i

For symmetric notation, we can write . = r and ¢, = it, where r and ¢ are real numbers. The S

matrix becomes:

S = (3.5)
ior
For a ring resonator with a field loss parameter «, we can write the field coming out of the ring F3
as B3 = ae'®Ey. By inserting this into the equation 3.1 with the use of 3.5, we then have a ratio
between the field in the ring F5 and the input field EFy:
E tac'?
e R L (3.6)
E1  1-—rae?
Where a = e~ 2278 i5 called single-pass amplitude transmission, and ¢ = k27w R is called single

pass phase shift. Here, « is the optical loss (attenuation) of the ring resonator, & is the wavevector

of the light and R is the radius of the ring. The intensity ratio between E3 and [ is:

2 B (1 —r2)a2

= 3.7
1 — 2racos ¢ + r2a? 3-7)

I3 | E3
L B

When cos¢ = 1 (k2rR = 1, R = mJ), this ratio reaches maximum due to the constructive

1+r

1=, at maximum.

interference. For lossless rings (a = 1), this result can be further simplified as

Similarly, the power transmission can be written as:

242 — 2racos ¢ + r?

Iy | E3
— 2 |22 = 3.8
T Iy Eq 1 — 2racos ¢ + r2a? 38)
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From these calculations, we can see that both transmission and reflection spectrum are periodic
with respect to ¢. We use finesse F to describe this spectral feature, which is defined as the free
spectral range (FSR) between resonance peaks divided by the full width at half maximum (FWHM)
of each peak. The half maximum point, where the power transmission 7, is a mean value of its

maximum and minimum, is defined as

1
Too = 5(To=2km + Tp=(2h+1)7) (3.9)

Where £ is any integer. Solving the ¢ from the above equation and inserting it to the finesse F,

we then have

F_ 27 _ 2 (3.10)

2¢9 2ra
2 arccos (1 +T2a2>

From the above derivations, we find that if a = r (the loss inside the ring equals the coupling),
the minimum transmission 7 will be zero. This condition is called critical coupling, indicating the
best light coupling from the waveguide to the ring. We also note that the finesse is not infinite, even
for lossless ring resonators (a = 1). Therefore, an additional calculation to consider the coupling
is often needed to derive the actual material loss from measured values.

Now, we turn to the double waveguide geometry (add-drop ring resonators). the schematic is
shown in Figure 3.1 (b). Here, we only consider a simple case where the light is only provided by
the input port (Eg = 0), which can be transmitted to either the throughput port E9 or drop port Es.

Followed by a similar derivation from above, we have the transmissions to two ports written as:

o 2 2.2 9
T Iy | ri—reae’® [T a*rd —2riraacos¢ + rf Gl
' I 1 — ryraaet® 1 —2ryroacos ¢ + T%r%az )
12
b _|ttevee'r | (A-rfI-rja (3.12)
’ L 1 —ryraaet? 1 —2ryroacos ¢ + r%r%cﬂ '
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To compute the FWHM of the double ring, we turn to the transmission coefficient 75 and derive
the value of ¢g from 75 4, = %(7’2,¢:2kﬁ + 7'27(25:(2;6“)77). The result is quite similar to the single
port value, with

F_ 2T _ 2T (3.13)

2
%0 2 arccos (%)

1+rlr2a

If the cavity has a narrow FWHM (high finesse F), we can apply the Taylor expansion to ¢:

cosp~1— %qﬁQ and write the drop port as:

T~ (1-— r%)(l — r%)a 1 314
2~ — 2 2 (3.14)
(1 —=rirea)® 1 4 %
(1/7‘117‘220,)

This equation shows that the transmission has a Lorentzian shape, which is in line with experimen-
tal observations. When the system has a large coupling with small loss (1 — r172a ~ 0), the above

equation can be simplified as:

_ (1-— 7’%)(1 — T%)CL 1

To = 3.15
2T (1= rira)? 1+( ¢)2 G

w/F
Therefore, the finesse can be directly deduced from the lineshape of the resonance spectrum. Com-
pared with the single waveguide geometry, the drop ports are able to provide clean resonance peaks
with a low signal background even if the ring resonator is not critically coupled. This relaxation of
critical coupling simplifies the device design and is used later in our measurements.
Lastly, we discuss another commonly used metric for characterizing the cavity properties—quality

factor (). In high-quality cavity systems, it is defined as:

w A

=70 ax

(3.16)

This definition is quite similar to /. We can write the relationship between finesse and quality
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factor as ) = %}" = mJF, where m is the ring resonator length counted by the effective
wavelength of the incident light. From this equation, we find that the finesse JF is a system property
describing the material loss and the coupling, while the quality factor () involves the length of the
ring and can be modified by changing the ring size.

In reality, depending on the mode of the incident light, the effective refractive index neqg can
be different. Therefore, multiple resonance pairs (some transverse electric (TE) modes, some

transverse magnetic (TM) modes) can be observed in a ring resonator spectrum.

PhC cavity Unlike the ring resonator, which uses the length of the ring to determine the reso-
nance frequency, the PhC cavity approach dives into the local arrangements of dielectric constants.
These arrangements can be 1D, 2D or 3D. Before introducing the nanophotonic cavity, which can
be regarded as a photonic defect, we first discuss the “host” of this defect, which is the photonic
crystal. Here, we only discuss a simple one-dimensional case, a periodic stack composed of two
dielectric materials with permittivity £1 and €9. The schematic of such a material is shown in Fig-
ure 3.2 (a), with more derivation details listed in Ref [188]. This layered structure is often called
distributed Bragg reflector (DBR) for high reflectivity purposes and has been utilized in many

applications [189, 190].

d &1| €2 |E1] €2 |€1| €2 b &1 &2 |61 &2 |€1| €2 |&é1
X
> z
di d 2n do
L 2n—1 2n+1

Figure 3.2: Schematics of a one-dimensional photonic crystal and a PhC cavity. In this example,
the periodic structure comprises two materials with permittivity €1 and €9 and thickness d and ds,
respectively. For the PhC cavity in (b), the photonic defect has a thickness of d.
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We explore the TE and TM modes in this layered material. Specifically, we focus on the 2n — 1,
2n, and 2n + 1 layers. For instance, in layer 2n, the solution of £/ and H for TE and TM modes

contains both forward and backward move solutions, which can be written as:

TM: Hy, i (Z) = a9y, jeikj(z—n(d1+d2)) + by, je—ikj (z—n(d1+d2)) (3.18)

Where ag), ; and by, ; are constant numbers that depend on the layer 2n and £;. The longitudinal

interface z = 29, = n(d; + ds), we have:

wavevector is 4 / ‘;’—2253- — kﬁ, where k2 = K2+ kg By applying the boundary conditions at the

agp1 + bop1 = agpi1.06” K292 4 by, g geih2d (3.19)

—ikod kod
aon1 — b2p.1 = Pm <a2n+1,26 292 — bop 1 1,9€"2 2) (3.20)

Here py, is % for Te modes and %% for TM modes. Similarly, we can write the boundary
conditions between 2n — 1 and 2n layers. To make sure the field inside a periodic potential with

periodicity di + do is physical, the field has to satisfy the Floguet—Bloch theorem [188]:
E(z + dy + dy) = e'*Blditd2) () (3.21)

This theorem is also used to analyze the behavior of electrons in a periodic potential from solids
[31]. kp is a wavevector called Bloch wavevector. Applying this function to the previous boundary
conditions, we have:
ik (dy+d
(gp i1 = Qgy_1 g€ FB(A1+D) (3.22)

bon+1,2 = b2n—1,26ik3(d1+d2) (3.23)
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To make sure the equations are solvable, the determinant of the matrix form of these equations,

including {asy, 1,025, 1, @2p41,2, b2n+1,2} must be zero. This implies a requirement of the kp:

1 1
cos kp(dy + do) = cos (k1dy) cos (kads) — 3 <pm + —) sin (k1dy) sin (kads) (3.24)
m

Since the value of cos kg(dj + dg) is in the range [—1, 1], there are certain conditions where no
solution exists. We define the situation where no solution is available as the photonic bandgap.
The incident light that falls into the bandgap will be reflected.

If we make some local arrangements that differ from the periodic layers at a certain depth z,
we create a photonic defect inside the bandgap so that photons are hard to transmit from both
directions. By doing that, we essentially create a PhC cavity. A schematic image is shown in Figure
3.2 (b). In practice, since periodic layers are not infinite, there is always a non-zero probability
that the light can be leaked from the cavity. By optimizing the local arrangements via numerical
simulations (for instance, Lumerical®), the quality factor of the nanophotonic cavity design can
easily reach 1 x 109 in many cases. This cavity creation method can also be expanded to 2D
photonic crystal designs and even form directional photonic waveguides by modifying a connected

line of defects [191].

3.1.2  Light-emitter coupling

For color center studies, an important goal of developing ring resonators and PhC cavities is to
modify the emission properties of the centers. This goal does not only require the cavity to have
high quality factor (), but also (1) efficient coupling between the cavity and the emitter, and (2)
efficient light out-coupling to external waveguides and other on-chip optical elements. The light
out-coupling is often described as the critical coupling condition discussed above. Here, we fo-
cus on a few metrics commonly used to evaluate the coupling efficiency between the cavity and

emitters.
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Fermi’s golden rule Fermi’s golden rule is applied to understand and engineer the emission
profile of quantum emitters. In quantum mechanics, the term emission is translated to an evolution
of the quantum state [¢(¢)) according to the system Hamiltonian H;ys — Hy + Hj. Since the
state |¢)) is normally defined in the basis of H\) eigenstates |n) (Hg|n) = Ej |n)), the only term
responsible for the population evolution other than the phase gain is the interaction Hamiltonian
Hj. This feature can be shown by inserting |¢(t)) = >, an(t)e " Ent/M into the Schrodinger

equation zh% [Y(t)) = H;ys |4(t)), which leads to [192]:

day(t —1 _En—Eg
gt()_f an(t)e h U {k|Hp|n) (3.25)

The derivation uses the orthogonal properties between states. The population evolution ay.(t) is
zero when there is no interaction Hamiltonian to link other states with |k). For optical emitters,
this [ is mainly provided by the incident optical field (electromagnetic field), which we treat as
a perturbation (weak coupling regime). If we consider the spontaneous emission where the initial
state is a particular eigenstate |1)(t = 0)) = |i) and the final states are a continuum |f) which

denotes the photons with different & vectors, the evolution of |i) and | f) is:

da;j(t)  —i I
)= 2 [ gage T ) (3.26)
dag(t) —i _ i By .
= (e T | H ) (327)
Inserting the derivation of a s (t) into the a;(t) gives:
da;(t 1 ‘ t B E L
;E):_ﬁ de ¢| (f|H li) | /O dt'e= = a1 (3.:28)

The process itself is non-Markovian. However, if the H is a perturbation term, we can apply
Markov approximation and assume the system only depends on the present a;(¢) and calculate the

time integral directly. The integration de ¢ is the sum over all |f) states that have the energy E Iz

76



which can be written as p(F f)dE ¢ By extending { — oo and disregard the imaginary part of the

time integral, we thus have:

da;
a;it) = _%p<Ef)| <f|H[’Z> |2ai(t) (329)

By calculating the population |a;(t)|? and its derivative, we then have a transition rate of:

Diyp = —|(fIH i) Pp(Ey) (3.30)

27r|
h

This equation is Fermi’s golden rule. It indicates that the emission rate is related to the (1) photon
density of states p(F f), which can translate to p(w), and (2) the physical property of the emitter

(f|Hrl7). In our study, the emitter property is pre-defined, and the emission profile modification is

realized through the photon density of state engineering.

Purcell enhancement In vacuum, the photon density of states in a finite volume V' can be written
as po(w) = % [188]. The interaction Hamiltonian linking the two states can be regarded as the
emitter dipole interacting with the electric field in the vacuum. By averaging the optical modes
that actually interact with the dipole and inserting the zero point vacuum field Eyyc = %, we
have a free space spontaneous emission rate:

2 .3
Hif“o

[g=—"——=
0 3meghc3

2m
= 5 lool*po(w) (3.31)

Where gg = l% 2?(‘)"‘/ is the atom-field coupling strength if we treat the whole system quantum

mechanically and write the Hamiltonian as the coupling between the atom and the photon states.
From here, we can easily see that the local environment can indeed affect the emission rate. For
instance, if the system is in a medium with refractive index n, then eg — £, = n2e( and pg(w) —
pn(w) = n3py(w), which returns a ', = nl'y. In the case of the cavity, the field is not evenly

distributed in all directions. If we align the cavity mode with the emitter dipole efficiently, we can
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remove the pre-factor % and write I" in a more general case: I' = 27|g|?p(w).

For a relatively high () single mode PhC cavity discussed in the previous section, the spectrum
has a Lorentzian lineshape with a FWHM of Aw, and a single mode is spanned across the whole
wavelength. Therefore, the density of states is also expressed in a Lorentzian lineshape:

Delw) = + e/ 20 (3.32)

™ (w — we)? + (we/2Q)?

If the emitter dipole is on resonance and perfectly aligned with the electric field orientation, the

emission rate is thus: )
20 Q

I'= 3.33
h emVm ( )

Here, the volume of the atom-photon coupling is written as V;,, and the permittivity of the material

is e;,. Compared with the same emitter in the vacuum, the ratio of the two is:

3
s _3XQ

24 = 3.34
I'gp 47n2Vy, ( )

For emitters that naturally live in a medium (such as color centers in diamond), we compare the
.. . . . . . _ I _ 3XQ .
spontaneous emission rate with the value inside the medium. This ratio Fp = p~ = 7z 257~ is
called the Purcell factor. We note that this equation is only valid for the weak coupling regimes,
and the strong coupling effect has to be considered if the () is too high. Since the coupling g also
introduces an imaginary term (damping) to the emitter frequency, the optical lifetime can be used

to measure the Purcell factor in practice after adding the non-radiative decay and ZPL ratio (and

branching for emitters with multiple ZPLs) into consideration.

Strong coupling regime When the coupling g exceeds the decay rate of the emitter ~y (the spon-
taneous rate in a homogeneous medium) or the cavity decay rate ~ (inversely related to the cavity
(), then the system behaves very differently compared to the weak coupling regime. For instance,

if g ~ Kk > 7, the resonances of the atom-cavity system deviate from the bare atom and cavity fre-
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quencies, showing anti-crossing features in the spectrum with splitting dependent on the coupling

4g°

g. In such a regime, a better system description would be the cooperativity, expressed as C' = ey

The strong coupling regime (often called cavity quantum electrodynamics, CQED) has very rich

physics (see Ref [193]) and is beyond the scope of the discussion here.

3.1.3 An overview of diamond nanophotonic cavities

The previous efforts on diamond nanophotonic cavities largely overlapped with low-dimensional
diamond fabrication and integration, as discussed in Chapter 2. Since we are interested in coupling
color centers to these cavities, we only provide an overview of the results in visible wavelength
and discuss their performances accordingly.

The least invasive way is to realize heterogeneous integration between bulk diamond and nanopho-
tonic cavities made by other materials with even higher refractive indices. One example is the
fabricated 1D gallium phosphide (GaP) cavities [80]. These cavities can have quality factors of
up to 8900, with an observed Purcell factor of ~30. The method does not involve any diamond
fabrication, which helps protect the coherence of the color centers. The device’s quality factor and
performance are mainly limited by the fabrication of the GaP material, the stamping accuracy, and
the yield of the cavity transfer process.

The second method is the well-known angular ICP etching. Originated from utilizing Faraday
cages in the ICP chamber [99], the state-of-the-art etching utilizes focused ion beam (FIB) etching
with angular control to achieve a cooperativity of over 100 [62], which is at the boundary of the
strong coupling regime showing several unique quantum features [103]. The method can also be
used for fabricating suspended microdisks and ring resonators with the highest quality factor to
date (3 x 10% to 6 x 10% in visible wavelength) [194]. However, this method often requires special
tooling, which is unavailable in many cleanroom configurations, limiting further promotion of this
technique.

A more commonly accepted method is multi-step isotropic etching. This method shares the same
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philosophy as the angular etching (undercut and suspend the diamond structure) but offers a
more accessible recipe for regular cleanrooms. Since developed [195], this method has become
widespreaded with many demonstrations from multiple research facilities [107, 108, 196, 197],
with the performance comparable with the angular etching results.

Finally, we would like to mention that previous utilizations of direct-etched and “smart-cut” dia-
mond membranes are also candidates for nanophotonic devices. However, due to the local height
variation or imperfect crystal quality, the quality factor () for fabricated ring resonators ranges

from 1 x 10° to 2.4 x 10% [98, 118, 127, 198].

3.2 TiO2 cavities on diamond membranes

3.2.1 Device fabrication

For the three methods applied to diamond membrane heterostructures, the titanium oxide TiO,
technique is the only one that does not involve diamond patterning and etching. The method has a
similar philosophy to the GaP-diamond heterostructure realization [80], that a nanophotonic cavity
with a high refractive index can be integrated with diamond to realize evanescent coupling with the
color centers inside. Beyond diamond, this method is commonly used for other emitters hosted by
materials with less straightforward fabrication processes [137]. In the case of integrated diamond
membranes, the thickness of the diamond can be managed to be ~50 nm, which is much less than
the operation wavelength of the nanophotonic cavities inside diamond (250 nm to 350 nm). By
integrating membranes with low index substrates such as fused silica (n = 1.46), a cavity with
confined mode volume can still be realized even using materials with a comparable index (n ~
2.4), which is typically not realistic for bulk diamond substrates. This relaxed condition expands
the choice of materials to fabricate nanophotonic cavities. In this work, we choose deposited TiO,
(n > 2.3) using a standard atomic layer deposition (ALD) process.

The schematics of the TiO, cavity fabrication process are shown in Figure 3.2 (a)-(c). Although
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Figure 3.3: The fabrication process of TiO, nanophotonic cavities. (a)-(c) The schematics of the
TiO, nanophotonic cavity fabrication using ALD process. (d)-(f) The SEM images of (d) deposited
TiO, on the pre-patterned PMMA layer, (e) the completed photonic crystals with a grating coupler,
and (f) a zoomed-in device showing vertical sidewalls with excellent smoothness. The figure is
reproduced from [165].

TiO, is directly deposited onto the fused silica substrate in the schematics, the fabrication on the
diamond membrane shares an almost identical recipe. The process starts with a cavity template
definition via electron beam lithography, followed by a TiO, deposition of ~300 nm (~250 nm for
bare fused silica). This conformal layer overfills the Poly(methyl methacrylate) (PMMA) pattern.
The temperature of the ALD step is kept low (90 °C) to prevent PMMA from softening and TiO,
from forming grain boundaries. Then, we etch the excessive TiO, on the top and remove the
resist layer, leaving pristine nanostructures on the substrate. The device’s local height variations
can also be smoothed via the overfill and etching processes. The scanning electron microscope
(SEM) images of the deposited TiO, and final devices are shown in Figure 3.3 (d)-(f). Unlike

the template fabrication and transfer method [80], the TiO, cavities are defined at target locations
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using electron beam lithography and thus obtain much higher location precision, which is crucial
for aligning color centers with the field maximum to reach a stronger coupling. In addition, the
deposited TiO, has better sidewall control over smoothness and angle compared with etched GaP
or diamond cavities, which is important in terms of optical loss for nanophotonic cavities operating

in visible wavelengths [199].

3.2.2 Cavities on HSQ-bonded diamond membranes

a.

Diamond ]
membrane _TiO
S

C. :' 0.4 d FPurceII
Q~ 4,400

PR —

Transmission (a.u.)

730 731 732 733 0.2

Wavelength (nm) 202 x(um) 0.2

Figure 3.4: The characterization of TiO, cavities on a HSQ-bonded diamond membrane. (a) The
schematic of the TiO, devices fabricated on the diamond membrane. The membrane is transferred
and bonded to the fused silica substrate before the cavity patterning. (b) The SEM image of a
TiO, PhC cavity on the membrane, showing less filling factors of TiO, compared with bare fused
silica results. (c) A typical quality factor () for a fishbone cavity on the diamond membrane. (d)
Simulated Purcell enhancement in the cavity and the diamond membrane, showing a maximum
value of 175 inside the cavity and 115 in the membrane. (e¢) A microscope image of the fabricated
device. The figure is reproduced from [165].

The schematic of TiO, nanophotonic cavities deposited on a HSQ-bonded diamond membrane
is shown in Figure 3.4 (a), with the microscope image of the cavities shown in Figure 3.4 (e).
Compared with ring resonators, PhC cavities have much less mode volume, which can induce a

higher Purcell enhancement with the same quality factor. Since the PhC cavities are deposited
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instead of etched, we choose the pattern as fishbones instead of regular punched-hole designs
[99]. This design can also be applied to realized phononic crystals due to better handling of strain
distribution and phonon transmission [101]. The photonic crystal design (filling factor of the TiO,
compared with air gaps), displayed as the SEM image from Figure 3.4 (b), is slightly different from
that on bare fused silica substrates (Figure 3.3 (f)) to accommodate the presence of the high-index
diamond membrane.

To design a PhC cavity, normally a photonic crystal is simulated and optimized first to ensure a
photonic bandgap around the operation wavelength is present. In reality, the number of fins for the
photonic crystal cannot be infinite, and this finite fin number determines the amount of light that can
be transmitted into the cavity. Although a higher number of fins usually indicates a higher quality
factor of the cavity using the same material, it also limits the coupling between the cavity and the
incident light and reduces the signal in the transmission spectrum. Therefore, a balance between
the quality factor and the transmission signal strength has to be implemented. In this work, many
cavities are fabricated using the 25-fin design. Secondly, some local variations are introduced in the
middle by playing with the filling ratio or the distance (pitch) between fins. In this case, the pinch
of the fin is gradually decreased by 10 % in the middle of the cavity [165]. The measured quality
factor of a cavity at 731 nm wavelength is ~4400, shown in Figure 3.4 (c). The interpretation of the
result is related to the designed field profile with the local maximum concentrated on the top and
the bottom of the TiO, layer instead of the cavity center [80]. Although shifting the mode from the
cavity center introduces more surface participation in the loss mechanism, this design can generate
a significant evanescent field inside the diamond membrane. The simulated Purcell enhancement
induced by the strong evanescent field is displayed in Figure 3.4 (d), showing a maximum value
of 175 inside the cavity and 115 in the membrane. For SiV™ centers, this value could translate to a
cooperativity of 1 to 10 [196].

Compared with TiO, cavities directly fabricated on fused silica substrates, there is a factor of 2

reduction over the average quality factor. The optical loss of the system could come from (1)
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internal loss from ALD-deposited instead of single crystal TiO,, (2) imperfect diamond membrane
crystal quality (Raman linewidth ~1.7 cm ! compared with the bulk diamond value ~1.55 cm™1),
and (3) optical loss from the HSQ. The porous HSQ resist transforms into a dense SiO, layer after
annealing [98], which introduces optical scattering and absorption (as verified by measuring the
fluorescence background). Therefore, in the next round of optimization, we deposit cavities onto

direct-bonded membranes with bulk-like crystal quality to reduce the optical loss.

3.2.3 Cavities on direct-bonded diamond membranes

In this section, we reproduced the fabrication process of TiO, nanophotonic cavities by replacing
the HSQ-bonded diamond membranes with direct-bonded ones that have improved crystal quality.
To quantitatively characterize the loss mechanism, we keep the thickness of the membrane and the
cavity design the same. We also fabricate ring resonators with coupling waveguides to provide an
additional metric to analyze the optical loss. The schematic of the TiO, cavities and ring resonators
is shown in Figure 3.5 (a). Excitation and collection ports (grating couplers) are highlighted in
red and blue. Microscope images of deposited PhC cavities and ring resonators are shown in
Figure 3.5 (b). We note that these cavities are fabricated on the same diamond membrane but with
different rounds of fabrication thanks to the straightforward cavity removal process [165]. This
feature highlights the robustness of the membranes to cleanroom processing and the recyclability
of photonic integration. SEM images of fishbone cavities and ring resonators on the diamond

membrane are shown in Figure 3.5 (d)-(e), featuring planarized top surfaces and smooth sidewalls.
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Figure 3.5: The characterization of TiO, cavities on direct-bonded diamond membranes. (a) The
schematic of TiO,-based nanophotonics on diamond membrane heterostructures. (b) Microscope
images of TiO, fishbone cavities and ring resonators on a 50 nm-thick diamond membrane. Images
are taken at the same location but in different fabrication rounds. (c) The transmission spectrum
of a fishbone cavity with the resonant frequency at 737.26 nm. Inset: the transmission of the
cavity measured with a tunable laser excitation, showing a quality factor ) of 10640 4 118. (d)-(e)
Zoomed-out (zoomed-in) SEM images of fishbone cavities and ring resonators on the diamond
membrane, featuring flat top surfaces and smooth sidewalls. (f) The transmission spectrum of a
TiO, ring resonator measured at the drop port. Insets: the TE and TM cavity resonances measured
using a tunable laser. (g-h) Quality factors (Qtjo, of the best two TiO, fishbone cavities fabricated
on bare fused silica substrates.



The transmission measurement result of a fishbone PhC cavity is shown in Figure 3.5 (c). This
cavity has a target wavelength of 737 nm — the wavelength of SiV emission. The measured quality
factor () is as high as 10 640, with a three-device average of 10150+350. These values are about 2.5
times higher than the same cavities on the HSQ-bonded membrane, indicating significant optical
losses from the HSQ bonding layer and the imperfect crystal quality of diamond. With the updated
@ factors, we predict a maximum Purcell enhancement factor of 270 in the diamond, which is
suitable for state-of-the-art experiments in cavity quantum electrodynamics [200]. Similarly, the
ring resonator fabrication using the same recipe is measured through the drop port. The quality
factors for TE and TM modes are Q7 = 12620 and Q7ps = 16319, as shown in Figure 3.5
(f). The mode profile is identified via separate polarization measurements. With the same finesse,
these quality factor values can be further improved via geometry optimization, such as larger rings
[201].

Lastly, we estimate the optical loss from the diamond membrane by repeating the process on a bare
fused silica substrate in the same fabrication round. The average of the best two measured cavities
returns a value of Qrjo, = 12727. Spectra of these cavities are displayed in Figure 3.5 (g)-(h).
This Qio, is affected by the optical scattering within the deposited TiO, and the surfaces of the
cavity (top surface, interface between TiO, and fused silica, sidewalls). Subtracting the average
() obtained from the diamond membrane results returns an approximate optical loss of the bonded
diamond-fused silica system to be (Jsys ~ 50000, which is dominated by the optical losses at

diamond/fused silica and diamond/TiO, interfaces.

3.3 Contact diamond ring resonators on fused silica

3.3.1 Device fabrication

In addition to the TiO, deposition method, we also explore the application of diamond membranes

for on-chip quantum photonics by fabricating fully contact diamond ring resonators and waveg-
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uides on thermal oxide substrates. These waveguides enable direct photonic integration with other
on-chip devices. The schematic of the device is shown in Figure 3.6 (a). Without the need for dia-
mond undercut, which is commonly used to create suspended diamond photonics from monolithic
bulk diamond [99, 195], our fabrication features a single patterning and etching step using Al,O5
hard masks. The bright and dark microscope images of the final devices are shown in Figure 3.6
(b). With minimal fluorescence other than the device layout, the dark field image demonstrates the

high quality and uniformity of the fabrication process.
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Figure 3.6: Fully contact diamond ring resonators fabricated using direct-bonded membranes. (a)
The schematic of a fully contact diamond ring resonator on a carrier wafer. (b) The bright and dark
field microscope images of the ICP-etched diamond ring resonators on a thermal oxide silicon
substrate, showing great uniformity with minimal process contamination. (c) The transmission
spectrum of the diamond ring resonator measured at the drop port. Insets: the TE mode profile
inside the ring and the TE cavity resonance with a quality factor Qg of 21883 4-6284. The signal
fluctuation is caused by the instability of the optical setup.

3.3.2 Optical characterization

We performed the exact transmission measurement as the TiO, ring resonators. The measurement
result is plotted in Figure 3.6 (c). An etched ring resonator exhibits quality factors @) of 21 883
at visible wavelength with excellent field confinement within the diamond. Although the values
are slightly lower than the best-reported visible-wavelength suspended diamond ring resonators
(3 x 10* to 6 x 10%) [194], we note that the actual finesse might be comparable, given the reported
value is measured on a larger ring. In addition, fully contact ring resonators offer direct integration

with other visible-frequency photonic platforms, including lithium niobate, silicon nitride, titanium
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dioxide, and on-chip light sources and detectors, paving the path for hybrid quantum photonic

technologies.

3.4 Suspended diamond nanophotonic cavities

3.4.1 Device fabrication
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Figure 3.7: Fabrication of suspended PhC cavities using a direct-bonded diamond membrane. (a)
The schematic of the PhC cavity fabrication flow. (b) Left: microscope images of the diamond
membrane before and after cavity fabrication. Right: the SEM image of the fabricated sample.
(c)-(d) The SEM images of 1D and 2D PhC cavities. The inset is the zoomed-in image showing
the details of the holes. Images are taken at a 45° angle. (¢) The SEM image of the 1D PhC cavity
with the fiber taper. The figure is reproduced from [169].
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Lastly, we explore the potential of the diamond membrane platform for fabricating suspended
nanophotonic cavities. The dielectric environment of the suspended cavity only contains the dia-
mond and surfaces, with optical modes hosted in the center of the device, which is simpler than
fully contact TiO, cavities. In addition, PhC cavities can have high quality factors () with small
mode volumes and deterministic emitter placement, which greatly enhances light-matter inter-
actions and allows for efficient control and readout of the emitter spin state. Therefore, many
landmark demonstrations involving diamond nanophotonic cavities are realized via the suspended
approach [73]. However, due to the imperfect sidewall control during ICP etching (especially the
undercut step), many cavities fabricated using angle etching or isotropic etching have () factors in
the low ~1 x 10% range, which is much lower than the simulated value (>1 x 105). By utilizing
pristine and homogeneous diamond membranes that are directly bonded onto oxide substrates, we
can tremendously simplify the fabrication procedure by replacing the sophisticated undercut step
with a simple oxide wet etch. This highly selective chemical process maintains the surface mor-
phology of the back side, leaving only two sidewalls subject to top-down ICP etching roughness
control.

In this demonstration, a diamond membrane with 160 nm thickness is used to fabricate PhC cavi-
ties. The membrane has a surface roughness of <0.3 nm with a global height variation of ~1 nm,
which are essential for minimizing optical loss and maintaining the device uniformity. Figure 3.7
(a) shows the schematic of the overall fabrication process. Starting from direct-bonded membranes
with implanted SiV™, a layer of Au/Cr is deposited and lift-off to define a “frame” around the mem-
brane and secure it from subsequent chemical etching. Then, the hard mask for etching (silicon
nitride, Si;N,) and the electron beam resist (ZEP) are prepared. The cavity pattern is written by
electron beam lithography, which is then transferred to the hard mask using ICP etching. After
resist removal, the cavity pattern is transferred to the diamond membrane via oxygen-based ICP
etching. Finally, hydrofluoric acid (HF) is used to remove the hard mask and the oxide layer un-

derneath it. To prevent optical mode leakage and coupling loss from the silicon wafer, another
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XeF, etch is applied to remove some of the silicon and increase the separation between the sub-
strate and the cavity. The microscope image of the original membrane and the same one fabricated
with devices are shown on the left of Figure 3.7 (b), with the SEM image on the right. The layout
includes multiple designs, including 1D PhC cavities, 2D PhC cavities, and 1D cavities with taper
for fiber coupling. We adapt the design from previous demonstrations described in Ref [197, 202],
where PhCs are created by introducing air holes with uniform spacing. From photonic crystals,
the 1D cavities are formed by introducing a quadratic hole shift near the waveguide center, and
the 2D cavities are formed by shifting the center holes outwards in the PhC line-defect waveguide.
Both designs maintain the hole size, which is robust against design drifts or exposure offset during
lithography. The typical simulated Q and mode volume V' for our 1D (2D) cavities are ~1 x 100
(7.6 x 10°) and ~0.5 (~2.9) (A\/n)>. The SEM images of the 1D and 2D PhC cavities are shown
in Figure 3.7 (c¢)-(d). For practical applications, it is also important to enable the light out-coupling
with waveguides and eventually fibers to effectively initialize and readout the spin states to gen-
erate entanglements. Therefore, we include a third design, a 1D PhC cavity coupled to a feeding
waveguide with a taper region to allow efficient coupling to a tapered fiber [102, 203]. The SEM
image is shown in Figure 3.7 (e). The improved preferential coupling is achieved by reducing the
number of holes in the photonic crystal mirror on the side of the waveguide while keeping the other

side the same. This device structure has a simulated cavity Q of ~1.9 x 10°.

3.4.2 Optical measurements

We first perform PL. measurements on PhC cavities at room temperature using off-resonant green
excitation (523 nm) and measure the fluorescence using a spectrometer system. The measured
1D and 2D PhC cavity resonances with respect to the distance between holes match the simu-
lation value well, showing wavelength deviations of less than 1.1 %. In addition, we observe
that 100 % (30 out of 30) of 1D cavities and 85 % (23 out of 27) of 2D cavities characterized

have spectrometer-limited quality factors (@) >2 x 10%). To accurately obtain the cavity reso-
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Figure 3.8: Quality factor measurement of 1D and 2D PhC cavities. (a) The schematic of the cross-
polarization measurement. Olens: objective lens. P1 and P2 are orthogonal to filter out the incident
light. (b) The schematic of the fiber-coupling setup for measuring the cavity reflection signals.
We use the same laser for the cross-polarization measurement. The variable optical attenuator is
applied to stabilize the input power, which is measured via photodiodes (D1, D2). A fiber-based
circulator is applied to extract the reflected signal from the fiber. (c)-(d) On-resonance scan of the
1D and 2D PhC cavities using the cross-polarization setup. (e) On-resonance scan of the 1D PhD
cavity preferentially coupled to a waveguide. The cavity is shown to be nearly critically coupled
as the signal contrast is ~95 % in reflection. (f) The histogram of all the cavities that are measured
and resolved in the wavelength range between 710 nm and 770 nm. (g) The comparison of our
work with previous demonstrations as referenced in the text. The figure is reproduced from [169].
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nance and quality factors, we perform cross-polarization measurements using a tunable laser, two
polarizers (P1, P2), a beam splitter (BS), and a half-wave plate (HWP). The schematic of the
cross-polarization measurement is shown in Figure 3.8 (a). Compared with PL. measurement, the
cross-polarization measurement does not require strong fluorescence on the cavity (which is nor-
mally detrimental) and is thus more suitable for measuring high quality, low optical background
resonators. Figure 3.8 (c)-(d) shows the reflection spectra of the fundamental modes measured
from the best 1D and 2D PhC cavities. The peaks are fitted to the Lorentzian function with ¢
factors of 1.83(9) x 10° and 1.59(13) x 10°, respectively. The figure for the ) factor comparison
versus wavelength is shown in Figure 3.8 (g). We emphasize that the () factor of the 1D PhC
cavity is about one order of magnitude higher than previously reported diamond cavities operating
in visible wavelengths and is the new record for visible PhC cavities in any materials, including
diamond [62, 105, 198, 204], silicon nitride [205], aluminum nitride [206], silicon carbide [207],
GaP [80], and InGaP [208]. Similarly, our method to fabricate 2D PhC cavities produces () fac-
tors that are 20 to 100 times higher than the state-of-the-art studies realized in diamond [98, 202].
This improvement is mainly because our fabrication approach has suspended 2D structures with
flat surfaces and uniform height by nature, which is typically hard to achieve using quasi-isotropic
etching or direct etching from diamond thin films. Lastly, we demonstrate the high device yield by
collecting the histogram of the () factors from all cavities we have measured. As shown in Figure
3.8 (f), most 1D and 2D PhC cavities exhibit () factors of over 5 X 104, which further showcases
the uniformity and yield of this platform.

We also characterize the 1D PhC cavities coupled to the waveguides. The measurement setup
is an optical fiber coupling system shown in Figure 3.8 (b). The light from the tunable laser is
power stabilized by the attenuator (VOA) before sending into the device, and the reflected light is
detected by an avalanche photon detector (APD). Here, only pW power excitation is used to detect
the reflection signal to reduce the heating effect. Figure 3.8 (e) shows the reflection spectrum from

the highest () cavity. The loaded () is measured to be 8.4 x 10%. The minimum cavity reflection is
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<5 % with 95.3(3) % of signal contrast, indicating that the cavity is nearly critically coupled. By
measuring the system’s transmission loss and comparing that with the total optical loss measured
by D1 and D2, we estimate the coupling efficiency between the fiber and the waveguide to be

~65 %.

3.4.3 SiV center coupled to the cavity
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Figure 3.9: Characterization of a SiV™ center embedded in an 1D PhC cavity measured at 4 K. (a)
An illustration of a SiV™ placed close to the center of a 1D PhC cavity. (b) The energy diagram
of SiV~, featuring four ZPL transitions near 737 nm. (c) Second-order correlation measurement of
the C line using resonant excitation. The excitation power is kept low to avoid Rabi-like features
in the ¢? (t) plot. (d) The ZPL emission profile for a 2 h scan (upper panel) and a single scan (lower
panel). (e) The PL spectra of the cavity-SiV™ system. Each spectrum is normalized to the highest
peak. (f) Time-resolved PL measurement of the SiV™ showing a lifetime reduction with a factor
of 3 when the SiV™ is on-resonance (red) with the cavity compared to the off-resonance condition
(blue). The figure is reproduced from [169].

In this section, we characterize the emitter properties of SiV™ inside the nanophotonic cavities.

Stable and bright emitters strongly coupled with cavities are required for cavity quantum electro-
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dynamics (QED) experiments. To measure the optical coherence of the SiV~, the measurement is
performed at a cryogenic temperature (4 K). The SiV~s are formed prior to the cavity fabrication
without location control, resulting in randomly distributed centers. In this work, we characterize
two SiV™ centers embedded in high-Q cavities. The illustration is shown in Figure 3.9 (a). The
energy diagram of SiV~ is plotted in Figure 3.9 (b), showing four ZPL transitions (A to D) near
737 nm wavelength at 4 K. First, we measure the C transition of the SiV™ at 737.09 nm. The ZPL
profile shown in the upper panel of Figure 3.9 (d) has an optical linewidth of 605 MHz with minimal
spectral diffusion in 2 hours (lower panel). This ZPL linewidth is slightly broader than the typical
value of ion-implanted SiV™ centers [209], which could possibly caused by the laser broadening,
membrane synthesis, cavity fabrication, and measurement temperature [94]. We also measure the
second-order correlation (gQ(t)) of the SiV using resonant excitation. The measured intensity his-
togram shown in Figure 3.9 (c) exhibits a clear anti-bunching feature with g2(0) = 0.31 £ 0.12,
confirming the single-photon nature of the SiV~. The non-zero value of ¢2(0) is mostly due to the
dark counts of the APD and the spatial drift of the SiV™.

Lastly, we investigate the coupling between another single SiV™ to a cavity. We choose a cavity
with a resonant wavelength of 737.5nm and a measured @ factor of 1.2 x 10°. The fluorescence
of the cavity-SiV™ system is shown in Figure 3.9 (e), including four ZPL peaks and the cavity
resonance. We gradually tune the cavity resonance via gas condensation and laser annealing [197],
and observe a blue shift of the cavity resonance when applying the annealing laser. When the cavity
is on-resonance with the D-peak (red curve in Figure 3.9 (e)), we observe a ~20-fold intensity
enhancement of the D line emission compared with the far-detuned conditions (A = 0.4 nm, blue
curve in Figure 3.9 (e)). This change of rate suggests that the emission of the S1V™ is improved by
the Purcell enhancement.

We conduct a time-resolved PL. measurement to quantitatively measure the coupling between the
SiV™ and the cavity. The measured PL intensities versus time for on-resonance (red) and off-

resonance conditions are plotted in Figure 3.9 (f). By fitting the curves with a single exponential
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decay and a constant offset, we obtain the optical lifetime of SiV™ to be 0.470(6) ns (1.30(1) ns)
in on- (off-) resonance conditions. The Purcell factor of the zero-phonon line £z py, can be esti-

mated by comparing the two lifetimes and taking the fraction of emission € 7 py, into consideration:

-1 . . NPT . .
Fzpr = % [196]. Here €7 py, 1s the fraction of the total emission into the D line, which

is estimated by the product of the SiV~ Debye-Waller factor (70 %) [32] and the branching ratio of

Toff/TOn—l

19.3 % at 4 K [196]. The Purcell factor F'p is estimated by a similar equation: Fp = - ,

YD

where ¢ =
< YD +’7rad,other +Ynr

- Here vp, Vrad,other» and vy are the radiative emission of the D line,
radiative emission of other ZPL lines, and the phonon sideband, and the non-radiative decay. Using
the quantum efficiency QF = % = 51% [196], we estimate a Purcell factor Fip of ~18,
which is in good agreement with the spectral intensity enhancement. This number is much smaller
than the value purely calculated from the cavity performance using F'p = ﬁg—i% = 1.8 x 104,
This large deviation is mainly caused by the large displacement of the SiV™ position with respect
to the cavity field maximum due to random bulk implantation and the imperfect alignment be-
tween the cavity mode and the emission profile of SiV™. In the future, mask implantation can be
introduced to enable precise location control and improve the coupling with the cavities [62, 68].
Furthermore, we estimate the cooperativity C' if the masked implantation is applied. Our system
could reach a C' of >440 for critically coupled 1D PhC cavities using experimental values. This
number is four times higher than the highest value reported previously [62] and could enable a real

strong coupling regime where the coupling strength is comparable or even higher than the cavity

and emitter decays.

3.5 Conclusion

In this chapter, we discuss three methods to fabricate nanophotonic cavities based on the diamond
membrane platform. The TiO, deposition method has minimum requirements for diamond ma-
terial processing and offers strong evanescent coupling. The fully contact diamond waveguides
and ring resonators are compatible with other on-chip photonic devices and are ideal for integrated
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photonic applications. The suspended 1D and 2D PhC cavities have record-high quality factors
in the visible wavelength. In addition, they can be efficiently coupled to waveguides that can be
integrated with fiber optics for quantum networking applications. In the future, nanophotonic fab-
rication can be integrated with masked implantation to achieve the strong coupling regime between
cavities and emitters and unlock novel pathways for efficient spin-photon interface and practical
quantum networking systems. Efficient light out-coupling methods that preserve the spin prop-
erties of color centers can also be applied for NV~ based quantum sensing applications. Ideally,
the diamond membrane platform can enable truly heterogeneous integration of color centers with
existing and emerging photonic circuits and act as a functional layer in future photonic systems,
which also include thin-film lithium niobate [210], aluminum nitride [211], and CMOS-compatible

devices [212].
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CHAPTER 4
STRAINED SNV~ CENTERS FOR QUANTUM NETWORKING'

Abstract

Group IV centers in diamond are promising candidates for quantum networking applications. How-
ever, although they have shown impressive progress recently, their performance and future poten-
tial are negatively impacted by millikelvin operation temperature or inconvenient microwave spin
manipulation. Here, by applying the HSQ-based transfer method discussed in Chapter 2, we are
able to deterministically generate large a strain profile for tin vacancy centers (SnV™) in diamond
membranes. This external, in-plane strain profile reduces the phonon population that causes spin
depolarization magnitude, improves the SnV~ spin coherence, and elevates the operation tempera-
ture. The anisotropic strain also enables efficient coherent spin manipulation between the two qubit
states via microwave, greatly improving the gate fidelity. Compared with the all-optical method,
this microwave-based manipulation offers straightforward, high-fidelity qubit operations and in-
tegration possibilities with on-chip nanophotonics and nuclear spins. Combined with transform-
limited optical linewidth in a wide range of temperatures, the strained SnV™ is a prime candidate

for practical quantum nodes in quantum networking systems.

4.1 Introduction

In the quantum networking field, group IV centers have shown much greater potential than its
predecessor—NV™ centers and have been utilized in a number of landmark demonstrations [62,
108]. Compared with NV~, the group IV centers’ D3, symmetry leads to insensitive optical transi-
tions against first-order electric field (charge) noise [60], which significantly suppresses the spectral
diffusion against surface spins and nanofabrication processes. Additionally, their inversion sym-

metry leads to a small displacement of electrons between optical ground and excited states, which

+. The work discussed in this section was reported in [64]
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results in a favorable Debye-Waller factor with the majority of photons emitted at the zero phonon
line (ZPL) wavelength, which is critical for improving the spin-photon entanglement generation
rate [213]. Despite impressive, we have to realize some fundamental differences between group
IVs and NV~ centers. The main difference comes from their electronic configurations. The energy
levels of NV~ mainly depend on the spin-spin interaction between electrons. Therefore, the spin
coherence tends to have a weak coupling with the electron orbits. Even at room temperature, the
coherence time of NV~ is often not limited by the spin-phonon interactions which determine the
spin lifetime 77 . Furthermore, the spin-spin interaction leads to zero-field splitting. Thus, a small
magnetic field would be sufficient to define a spin qubit. In contrast, the electronic structure of
group IV centers is mainly determined by the spin-orbit coupling, which splits the ground state
into two orbital branches, each with two states belonging to different spin (S = +1/2) and orbital
configurations. The two quantum states in the lowest branch form a natural qubit choice. How-
ever, this qubit does not have zero filed splitting and thus requires a sufficiently large magnetic
field to operate (see Figure 1.1 and Figure 1.2). Moreover, the qubit states can interact with energy
levels in the upper branch with different orbital states but the same spin. This coupling, which
can be easily realized via phonon-driven transitions [76], provides a decoherence channel outside
of the qubit subspace. Due to the strong temperature dependence of phonon density, all group IV
centers can only be operated at cryogenic temperatures. Specifically, with small spin-orbit cou-
pling (48 GHz) and thus considerable phonon interaction, SiV™ centers can only be operated at
millikelvin temperatures [67, 214] unless local phonon density of states can be engineered through
nanostructuring [101]. An alternative approach is to work with group IV centers with larger spin-
orbit couplings. These centers typically contain heavier group IV elements, such as SnV™ or PbV™
[89, 215]. Another issue of group IV qubits is the coherent spin manipulation. Unlike NV~ which
does not involve orbit change when driving the spin states, group IV centers have different orbits
for qubit levels, which naturally prohibits the coherent spin manipulation via microwave (MW).

Luckily, with spin-orbit coupling-defined qubit levels, group IV centers tend to have large strain
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susceptibility, which enables orbit mixing between qubit states and thus MW spin manipulations.
The added strain also offers extra coherence protection via strain engineering [216]. The state-
of-the-art strain magnitude can only reach 0.01 % to 0.02 % due to the exceptional hardness of
diamond [216]. Therefore, they have been mainly use for light group IVs such as SiV™. Further
improvement of the coherence and operation temperature while avoiding operating at a high qubit
frequency due to the strong-strain effect requires a combination of large spin-orbit coupling (such
as SnV~, 850 GHz) and moderately large strain profile. These numbers are challenging to reach
via current methods, and a controlled process to generate considerable strain is desired to promote
heavy group I'Vs such as SnV™ as coherent and cost-effective quantum networking nodes.

In this chapter, we introduce our approach to generate strained SnV™ centers using our integrated
diamond membrane material platform. By bonding diamond membranes containing SnV™ centers
to fused silica substrates, we leverage the very different thermal expansion coefficients between
diamond and fused silica carriers. Due to the much thinner diamond membrane (=160 nm) com-
pared with the carrier wafer (=500 um), the thermal expansion coefficient mismatch generates a
large in-plane strain profile on diamond (approaching 0.1 %), which remains uniform across the
membrane thickness due to its exceptional rigidness. The strain profile at this level enables the
MW manipulation of the SnV™ electron spin and improves the coherence time and operation tem-
perature. We first discuss the physics of SnV~, including energy levels, related Hamiltonians, and
the implication of strain engineering to the center. We will then discuss the device layout and
numerical calculation of the strain profile, followed by the spin manipulation and coherence char-
acterizations. Both all-optical and MW-based methods are presented to form a complete basis

regarding various spin manipulation protocols.

4.2 Electronic configuration of strained SnV~ centers

In this section, we first introduce the basis of the SnV™ center in the optical ground and excited
states based on its group symmetry. We then discuss several Hamiltonian terms of SnV™ that are
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important to understanding its physical properties. Depending on the strain profile, the SnV™ can
behave differently. Due to the relatively complicated form of eigenvalues and eigenstates when the
strain is present, we only calculate the solution with zero strain and provide qualitative discussions
regarding the classification of three regimes: low-strain limit, intermediate regime, and high-strain
limit. In the following sections, the numerical calculations, physical model of the spin coherence,
and microwave manipulation efficiency estimation will be discussed, along with the experimental

results.

4.2.1 Hamiltonian of the strained SnV~

Negatively-charged group IV centers are spin-1/2 systems. They share the same D3, point defect
symmetry and numbers of electrons. There are a total of seven electrons that matter to the optical
and spin properties occupying the |e;;) and |ey) orbits for ground and excited states, which include
eight sites. |e;) and |ey) orbits are essentially superpositions of covalent bonds. For the optical
ground state, four electrons occupy the |e;,) states, leaving one freedom in the |e,) states, while
one |e, ) state has an unfulfilled hole for the excited state. To keep the consistency with other group
IV center studies, we use the same notation as SiV™ to describe the basis of the SnV™ in the ground

and excited states [60]:

2Eg Ground states:{|egs 1), |egz 1), legy 1), legy 1)}

? By, Excited states:{|eys 1), lews 1), lewy 1), leuy )}

4.1)

Both ground and excited states are doubly degenerate in terms of orbits and spins. These degen-
eracies can be lifted by interaction terms, including spin-orbit coupling, external magnetic field
(Zeeman effect), and crystal effects (strain). Here we write those interaction terms in the basis we
choose: the spin-orbit coupling H 50, electron-phonon interaction (Jahn-Teller effect), the strain
effect I‘:’strain which includes the strain profile and susceptibility, and the Zeeman effect due to
static magnetic field H 7. Following Ref [60], we combine the Jahn-Teller term with the strain
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term since they share the same form. Therefore, the system Hamiltonian including all interaction

terms is written as follows:

ﬁsys = ﬁSO + ﬁstrain + FIZ- 4.2)

Before diving deeply into the physical properties of the strained SnV~, we first briefly discuss each

term in the Hamiltonian in the next few paragraphs.

Spin-orbit coupling The physics behind the spin-orbit term can be interpreted as an energy
shift induced by the interaction between a magnetic dipole and a magnetic field. In this case, the
magnetic dipole is the qubit spin, and the magnetic field is generated from the “movement” of
an electric field, which is the qubit in certain orbits. Therefore, the spin states are coupled to the
orbital states that lift the degeneracy. In general cases, the spin-orbit coupling can be written as
Hgp = %IZS, where )\ is the interaction strength, L is the orbital angular momentum operator,
and S is the spin operator. For group IV centers, the orbital angular momentum operators ix, I:y
vanish due to the group symmetry for the Hamiltonian expressed in the {|ez) ,|ey)} basis [60].

Therefore, only the following L » term 1S non-zero:

I,= (4.3)

Here we have set /i to 1. In the {|e; T),|ex |),|ey 1), |ey |)} basis, only S, term is coupled to

L., and the spin-orbit coupling Hamiltonian can be written as follows:

0 0 —iA2 0

. Ao o A0 =i 1 0 0 0 0 i\/2
o) 5 ® = . (4.4)
i 0 0 -1 A2 0 0 0

0 —iA/2 0 0

Depending on the specific states, the value of A varies. For instance, Ay = 850 GHz for optical
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ground states, while Ay (or A¢)~3000 GHz for excited states.

Strain The strain in the crystal stands for the relative spatial change of atoms from their reference
points. Depending on the types of collective spatial shifts, the strain can be categorized into normal
strains and shear strains. A common method to analyze strain is to write the strain as a 3 X 3
tensor “¢’. The diagonal elements {€;, Eyy» €2 » } are normal strains which refer to purely distance
change. In contrast, non-diagonal elements {€;y, €, €, } are shear strains indicating an angular
change of the lattice structure. Here we use the fact that in diamond €5y = €z, €22 = €5 and
€yz = €zy. We note that the values of strain elements are subject to basis transformations. A strain
profile containing only diagonal elements in the lab frame may show non-zero shear strains in the
local frame. The strain influences the system via distortion of electron wavefunctions, which is

purely an orbital effect. The Hamiltonian can be written as follows:

® Io. 4.5)
€E, €4, TE€E,

Here we group the strain effect elements as {€4,, ¢, € Ey} according to the irreducible repre-
sentations { A1, Ey, Ey} of the D3y point group which forms the basis of the group IV defects.
Unless specified, the A group is usually not included in most discussions throughout the chapter
since it only generates global energy shifts (optical transition frequency) instead of relative shifts
within the ground or excited states. It is shown as an identity matrix. We also note that the strain
effect elements are expressed in the SnV™’s local frame, where the z-axis corresponds to the high
symmetry axis of the SnV™ along the direction of two split vacancies. The high symmetry axis
is also called the quantization axis. The emergence of the quantization axis is another important
difference between point defects and free atoms whose quantization can be arbitrarily defined by

the external magnetic field. Due to the symmetries of the molecular structures, spin states are
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well-quantized only along certain directions, and spin-mixing will appear if the external magnetic
field is misaligned with the quantization axis. The spin-mixing feature can be observed via op-
tical cyclicity measurements [67], which will be covered later in this chapter. The terms {c4,,
ER,» € Ey} can be written as a linear combination of the diagonal (€33, €yy, €22) and off-diagonal

(€xy, €yz, €2¢) elements in the strain tensor N [63]:

5A1 = tJ_ (Emm + ny) + t||€zz,

€Ex - d (Exl- - Eyy) -+ f€Z$7 (46)

gEy — _QdExy + fﬁyz,

Here ¢ is expressed in the local basis of SnV~, where z-direction is along the high symmetry
axis and z, y plane is orthogonal to the axis described by Ref [60]. 7| , 4, d and f are four strain-
susceptibility parameters describing the strain-response of the ground and excited electronic states

categorized by point groups and strain types. Specifically, they are partial derivatives written as

8€A1 aEAl Ocg, Ocp,
exzteyy)’ O€zz 7 I exa—eyy)’ Ocza

, respectively. In the following texts, we ignore the diagonal
term €4, which only causes a global emission profile shift. The simplified Hamiltonian can be

thus written in the following form:

—EE, 0 €Ey 0
N —€E, €E 0 —€E, 0 R
Hgtrain = Telh= Y 4.7)
€E, €E, €E, 0 eg, O
0 EEy 0 €E,

Zeeman The Zeeman effect of spin defects in solids usually includes both orbital and spin terms.
Due to the D34 symmetry of the SnV~, the orbital component H 7 j, of the Hamiltonian H 7 only

includes one single term EZBZ [60]. Unlike the spin term, the orbital term includes a pre-factor g
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[85] called effective reduction factor. This pre-factor is less than 1, which accounts for (1) electron-
phonon interaction (Ham term) and (2) the symmetry of the defect being lower than O(3) (Steven’s
factor). Both terms have different values for the ground and excited states, leading to different ¢
parameters, which affect the emission wavelength between optical transitions.

The total H Hamiltonian is the sum of an orbital Hy j, and spin component 7 g:
Hy=Hyzp+ Hys=qupvrL:B: + gupS B — 2upd;S. B, (4.8)

This expression can be explicitly written as:

0 0 —iB. 0 (1205 fx—gB)yB 0 0
0 0 0 —iB,| 7S | BatiBy —(1-20;)B: 0 0

4l [Z-BZ R I e 0 0 (1-26/)B. By—iB, *49)
0 iB, 0 0 0 0 By+iBy —(1-267)B;

where /1 is the Bohr magneton and B;;, By, B, are the components of the external, static magnetic
field along the x, y, z directions in the local SnV~ frame, respectively. The last term 2u g0 fS 2B,
originates from correcting with a factor 4 ; the electronic Landé g factor to account for spin-phonon
interaction mediated by spin-orbit coupling [85]. In the following discussions, we will only use
the Ham factor and set Steven’s factor as 1 (6 = 0) except for the experimental interpretation of
optical splitting with external magnetic field in section 4.4, where we give estimates on the possible

values of Steven’s factor.

Stark effect SnV™ belongs to the D3, point group, which indicates an inversion symmetry of
its electronic wavefunction (no permanent dipole). Therefore, the ZPL emission wavelength is
first-order insensitive to the external electric field (no first-order Stark shift). Although this feature
reduces the spectral drift of the ZPL wavelength which is beneficial for consistent entanglement
generation [73], the insensitivity leads to challenging ZPL wavelength tuning via second or higher
order Stark effect which is necessary for spectral alignment and indistinguishable photon gener-
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ation [217, 218]. Therefore, some recent demonstrations studied an alternative method utilizing
electro-optic modulators (EOMs) for external spectral alignment [23]. Since the work discussed
here does not involve any active spectral tuning method, we will omit the Stark effect Hamiltonian
term in this chapter. In Chapter 6, we will come back to the Stark effect induced by nearby charge

fluctuations.

4.2.2  SnV"in different strain regime

Zero strain  When zero strain is present, the system Hamiltonian can be expressed as
Hgys = Hgo + Hyz (4.10)

If we use By = By + By to express the misaligned magnetic field, The eigenvalues and corre-

sponding eigenstates of Hy are:

M =qubB; — %\/4/123_%_ + (2uB; + A50)?
Ay = quB: + %\/ 4p2B3 + (2uB; + As0)?

4.11)
A3 = —quB: — %\/4/93—2% + (2uB: — As0)”
A = —quB; + %\/4/1233 +(2uB: = As0)?
B 2MB+
1) =ler)® [|{) — f
1) =le+) _| ) /\SO+2uBz+\/4H2342r+(2“32+)‘50)2| >-
B 2/LB+
D= len @ |1+ W
As0+21Bz+\/4u2 B2 +(2uB:4As0)?
I so+2u \/N @ so)* ] (4.12)
B QuBJr
3)=le_)® || — '
3) =le—r @ | Aso—zuBer\/4/t233+(2NBZ‘ASO)2| |
2uB
[4) =le-) @ |[4) + T i

Aso—2uB.+ \/4u233r+(2/$32—/\50)2
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Due to the relatively small Zeeman effect (gu BS - B) compared with the spin-orbit coupling Ag(,
the eigenvalues A1 and A3 are the qubit states of the SnV~, with eigenvalues belonging to two
orthogonal orbits (|e4) and |e_)). Since MW spin manipulation efficiency is correlated with the
Zeeman effect of the oscillating magnetic field (H sy = HY°), MW drive is not viable for strain-

free SnV~ spin control and all-optical Raman-based method should be used instead [71]. The
2/LB+

ASOE2pBa /442 B + (2B +)50)2

of the spin quantization axis with respect to the high symmetry axis (usually very small) and can be

parameter R~ ‘;\Bg is the (3 factor indicating the misalignment

used to estimate the optical cyclicity, which is the ratio of spin conserving and flipping transition

intensities between ground and excited states.

Non-zero strain  With the strain Hamiltonian added to Hgys, the exact solution of eigenvalues
and eigenstates becomes complicated and hard to interpret, and numerical calculations must be

implemented. However, we can first take a look at a simpler case, a strained SnV™ at zero magnetic

field:

Hgys = Hgo + Hstrain (4.13)

The exact solution of this Hamiltonian can be written as:

( _ 1
m A el AT Ty el Nl )
gz 9y |€B J/> o 21 . (Oé|€x \L> _|_B>k |€y ¢>)
\ 1+|ﬁ| (4.14)
v, ey (T e e )
\ lepl) = T (vlex 1) + B* |ey 1))
Wherea——\/eE +¢ ()‘%)2—eng,ﬁ:esEgy—l—i)\SO/Zand

— /&2 )‘502— Since the strain Hamiltoni ly affects the orbital part of
0 \/EEg +e gy+(T) €[,,- Since the strain Hamiltonian only affects the orbital part o

the SnV~, it cannot lift the full degeneracy of ground or excited states, leading to two branches. The
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. . . 92 9 )‘SO 9 . . . .
lowest energy branch with eigenvalue \/ e +e Eqy + (£39)# is the qubit subspace, still with
no zero-field splitting and requires an external magnetic field to remove the degeneracy. Looking
at the orbital part of the eigenstates, we can immediately observe the difference compared with

the strain-free case. First, the presence of strain effectively increases the energy splitting between

branches (from Agp to 2\/ s%gx + E%gy + (>‘STO)2)’ which is beneficial to coherence protection

against phonon decay as discussed in subsequent sections. Second, the orbital states in the qubit

1

subspace are |e4) = e (alex) + Bley)) and |ep) = \/%W (alex) + B* |ey)), with
non-zero orbit overlap:

A A .
ey —icp,)

2 2 A 2 2 A
€, T CE,, T (52 (EE,, +\/eE,, T 5, +(752)%)

(4.15)

(ealep) =1—
v

This deviation from orthogonal orbitals enables MW transitions between qubit states, with the
efficiency depending on the overlap magnitude regardless of the strain magnitude. Therefore,
implantation-induced local strain can enable the MW manipulation of some centers [70].

Technically, there is no clear definition of the boundary of the strain regimes. Qualitatively speak-
ing, the low-strain limit indicates a regime dominated by the spin-orbit coupling (5%996 + €2Egy <
(A—%)z), while high-strain limit indicates much stronger strain magnitude compared with spin-

orbit coupling (512’5935 + 5%% > ()‘%)2). For instance, in the low strain limit, the overlap between

leq) and |eg) states can be simplified as: | (e4lep) | ~ \/(5125995 + EZEgy)/(ASTO)Q' In the high

strain limit, however, | (e4]lep) | & 1, indicating almost identical orbits for both qubit states with

maximum MW drive efficiency.
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4.3 System parameters and device realization

4.3.1 Strain susceptibility

SnV™ has four strain susceptibility parameters: ¢ |, ¢, d, and f. Here we focus on ¢p_and € E,
strain which only involves two parameters d and f. If we look at the strain Hamiltonian in Eq. 4.7
and diagonalize it, we can find the energy difference Ags(es) that lifts the degeneracy of the ground

(gs) and excited (es) states:

Ags(es) = 2\/[dgs(es) (€xx — eyy) + fgs(es)ezm]2 + [_ngs(es)exy + fgs(es)eyz]27 (4.16)

Here, the d and f parameters for ground and excited states are computed from density func-
tional theory (DFT) calculations. The functionals for this calculation include PBE [219] and
SCAN [220]. The supercell consists of 511 atoms with a [0.5, 0.5] occupation number for the

lex 1), |ey J) orbitals. The splittings Agg(es) are approximated by the energy difference of the

es)
corresponding Kohn-Sham (KS) orbitals, and the strain susceptibilities dgs, des, fgs, fes are ob-
tained from Eq. 4.16 by artificially modifying the lattice parameters of the supercell to generate
(€xz — eyy), €zz» €y, and €y strains. The results from both functionals are summarized in Table

4.1, showing similar values. Combined with the strain profile simulation, these numbers are used

for estimating the strain response of SnV™ in the following sections.

Functional  dgs des fes fes
PBE 0.787 0956 -0.562 -2.555
SCAN 0.834 0921 -0.563 -2.592

Table 4.1: Computed strain susceptibilities (see text) of the SnV™ in diamond, numbers are in units
of PHz/strain, which are obtained with the PBE and SCAN functionals.
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4.3.2  Strain magnitude simulation

Simulation model We use COMSOL Multiphysics@ to simulate the strain profile of the dia-
mond membrane bonded to the fused silica substrates via HSQ. Specifically, we choose to bond
the membrane onto a pre-patterned substrate with an etched trench to reduce the fluorescence back-
ground of HSQ and introduce some strain variation across the diamond. Since the strain effect ¢
in Eq. 4.5 is defined in local SnV frame while the simulation result ¢ belongs to the lab frame, a
series of rotation operations are applied. In the lab frame, the edges of the diamond belong to the
(100) set, which is in parallel with the lab axes {x,y, z}, while in the local frame, one direction
in the (111) set is the 2’ direction. From (100) to (110) to (111), the rotation operators are thus a

combination of R (45°) and Ry(54.7o):

e = RI(54.7°) RL(45°) & R, (45°) Ry (54.7°) (4.17)

Here Ry(ﬁ) and R, (f) refer to:

cos(f) 0 sin(0) cos(f) —sin(f) 0
Ry(6) = 0 10 |, R.(0) = |sin(8) cos(8) 0 (4.18)
—sin(f#) 0 cos(f) 0 0 1

In the actual simulation, we use a three-dimensional (3D) geometry for the device layout, as shown
in Figure 4.1 (a). Except for the length of the carrier wafer (350 um instead of 7mm), all other
parameters match the experimental values. The temperature-dependent thermal expansion coeffi-
cient of diamond and fused silica are obtained from Ref [221-224]. According to Ref [168], HSQ
is healed with a condensed molecular structure at a temperature of ~450 °C. Therefore, we choose

450 °C as the initial strain-free temperature and 4 K as the final temperature, which is the cryo-
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Figure 4.1: Simulated strain profile of the diamond membrane. (a) The 3D structure of the sim-
ulated device. The green membrane is the diamond, the brown layer is the HSQ, and the grey
substrate is the fused silica substrate. The total length of the carrier wafer is limited to 350 um.
(b-¢) The €35 (Ez2) and €yy (Eyy) strain profile of the membrane. The region of the SnV™ centers
characterized experimentally is labeled as a red star.

genic temperature of our setup. We note that thermal expansion coefficients of both fused silica
and diamond become negligible below 30 K; thus, this simulated strain profile is valid within the

temperature range of interest (1.7 K to 7 K) in this study.

Simulation result The simulated strain €, and €y, are shown in Figure 4.1 (b)-(c). We note that
in the lab frame, the thermal-induced positive tensile strain is confined in the xy plane, which only
induces a non-zero negative strain along z (Poisson’s ratio), and the off-diagonal shear strain is 2-3
orders of magnitude smaller than the diagonal ones. Therefore, we neglect the off-diagonal strain

values in the lab frame and use the following matrix to represent the simulated strain profile:

1.3¢73 0 0 1.6e=% —18 % 584
€ = 0 6.8 4 0 : e=|-18"4 99¢ % 25074 (4.19)
0 0 —2.5¢74 58¢7% —25e74% 5.8 4

Although € only includes diagonal elements, the transformed strain tensor € in SnV~’s local frame
contains non-negligible off-diagonal elements which also affect the properties of the center through

d and f parameters. Later in the chapter, we will compare the experimental data with the simulated
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strain profile and susceptibilities.

4.3.3 Microwave signal delivery

System design We use the fabrication technique discussed in Chapter 2 to generate highly strained
diamond membranes on fused silica substrates. The diamond membrane sits on top of a pre-
patterned substrate with a 5 pm-deep etched trench to reduce the HSQ fluorescence background.
When the diamond membrane device is ready for measurement post transfer and etching, we fab-
ricate an on-chip coplanar waveguide (CPW) to deliver microwave signals to target SnV™ centers.
Compared with wire-bonded metal striplines [225], the lithography-defined CPW offers more de-
terministic and reproducible microwave signal delivery at the target location. In this work, most of
the CPW waveguides are designed to have 50 €2 impedance to match the rest of the electronics in
the setup. Based on the permittivity of the fused silica (=3.7), the width of the center and the gap
is set to 60 um and 6 um to be compatible with the resolution of the photo-lithography. To enhance
the local field strength near the SnV™ region, the center of the CPW is reduced to 6 um around the
fused silica trench. The ground lines of the CPW waveguide are designed to go around the mem-
brane to be compatible with the trench design while offering a balanced microwave delivery mode.
Although this design could be further optimized based on the permittivity of diamond and the
membrane thickness, the special design near the diamond membrane area has a much smaller foot-
print compared with the MW wavelength and introduces small signal reflection. In addition, we
use a two-port microwave transmission design, which has the potential to drive centers in multiple
on-chip devices in the future. The two-port design also allows the microwave signal to be transmit-
ted and dissipated/measured outside of the chamber, relaxing the requirements for reflected signal
management (such as circulator) and allowing for more accurate MW signal strength estimation.
The microscope image of the CPW on the chip is shown in Figure 4.2 (a), with the transmission
data of an identical device shown in Figure 4.2 (b). The transmission loss is relatively low from

DC to 15 GHz, with microwave loss P, — Pout — Preflected (mostly thermal dissipation) to be 1.5
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Figure 4.2: Microwave signal delivery via CPW. (a) Microscope image of the CPW. The bonding
pad for wire bonding is not included. The middle region is the bonded diamond membrane with a
pre-defined trench. (b) The transmission of the CPW measured via a probe station using a vector
network analyzer (VNA). The S11 is the reflection spectrum, while the S21 is the transmission.
The operation frequency used in this work (2.75 GHz) is labeled as a black dashed line.

dB around the operation point of this work (2.75 GHz).

MW field simulation The electromagnetic field simulation is also performed via COMSOL
Multiphysics@. The simulation model is shown in Figure 4.3 (a). In the simulation, we set the
MW drive power to 24 dBm at frequency 2.75 GHz. The characteristic impedance of the CPW
(the yellow rectangle in Figure 4.3 (a)) is set to 50¢2. The width of the signal line is 6 um, consis-
tent with the device layout. The magnetic field distribution is presented in Figure 4.3 (b). Based
on the simulation results, we expect the effective magnetic field that is applied to the color centers
3um to 10 ym away ranges from 5m'T to 1 mT, corresponding to a transverse B field of 3mT to

0.6 mT in the local SnV~ frame.

4.4 Properties of strained SnV~ centers

4.4.1 Device layout

In previous sections, we have discussed the device design and fabrication process. This section
will focus on the optical and spin properties of SnV™ centers in the strain diamond membrane at

cryogenic temperatures. This strain is generated through heterogeneous thermal expansion dispar-
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Figure 4.3: Simulation of the microwave field in diamond membrane. (a) The 3D structure of the
simulated device. The length (width) of the suspended diamond membrane is set to 50 um (25 ym).
The MW signal has a width of 6 um. The sample is half-suspended to imitate the real device layout.
(b) The magnetic field distribution in the diamond membrane as a function of distance to the CPW.
The simulated depth is 40 nm from the top surface of the diamond, and the simulated position is
labeled as a blue arrow in (a).

ities between diamond and fused silica and affects the SnV™ via strain susceptibility parameters
d and f. Fused silica’s much smaller thermal expansion coefficient results in a positive, tensile
strain to the SnV™. The schematic of this strain generation process is shown in Figure 4.4 (a). This
uniform thermal strain is passive, which is complimentary to some recent demonstrations utilizing
electromechanically-induced strain [79, 216]. Figure 4.4 (b) is the detailed microscope image of

the diamond-membrane heterostructure device from Figure 4.2 (a).

4.4.2 PL spectra of SnV~

We apply a widely-used optical method called confocal microscopy to directly measure the PL
properties of SnV™ centers [226]. This method has a sub-micrometer (=300 nm) lateral resolution
and is ideal for characterizing spatially apart individual emitters. As discussed in section 4.2.2,
the crystal strain monotonically increases the orbital splitting of SnV™ centers, and this effect
can be captured by their PL spectra at cryogenic temperature, which is 1.7 K in this work. The
energy level diagram is shown in Figure 4.4 (c), which highlights the ground and excited state

orbital splitting (Ags, Aes) and the corresponding contributions of spin-orbit coupling, strain, and

113



S e B B
(a) (© leg/y @ 05f Bulk
0\ /g Snv e | y Ags = 850 GHz
& e .| 3THz Do £ Jé
0/\0 & A i%) 0 e e e
Tensile strain Tensile strain . 4 Thz 2 05 ! ! ! Membr‘ane7
<== | Diamond = e B g’. 7
d L ey & Il Ags= 1300 GHz
E E lea ) I I
) > < A1 Bt ) — ‘ ‘ ‘
O Fused silica © © A2 B2 619 620 621 622
le, ) Wavelength, A (nm)
'y
e e T T T ™
Ags & | ? ?,, 8 CIDevice 1
A 7 15TH 8 6F I Device 2
"lBs0 GHz | |1:5 THz S 4
iy le, | ) g )
" = i 3
T |e1 \ > 8 0 H.
Spin-orbit Crystal Zeeman 1200 1400 1600 1800
coupling strain effect Ground state splitting, A, (GHz)

Figure 4.4: Strained SnV™~ in diamond membrane heterostructures. (a) The schematic of the
diamond-fused silica heterostructure. The static tensile strain inside the membrane is generated
from the disparity of thermal expansion coefficients between diamond and fused silica. (b) The
microscope image of the diamond membrane (dashed cyan region) bonded to the fused silica sub-
strate. A trench (dashed green region) was fabricated before bonding. The gold coplanar waveg-
uide is fabricated post bonding to introduce microwave signals. A red star highlights the location
of the SnV™ center used in this study. (c) The energy level of strained SnVs. Unstrained, strained,
and strained centers in the presence of a magnetic field are colored purple, blue, and green, respec-
tively. (d) The PL spectrum of a strained SnV™ center (orange), showing a red-shifted zero-phonon
line (ZPL) wavelength with a much larger ground-state splitting compared with the values in bulk
diamond (purple). (e) The statistics of the SnV™ ground-state splitting. Two different devices with
identical layouts are measured. Device 1 (pink) is used for all-optical spin control (discussed in
the SI), and device 2 (red) is used for microwave spin control.
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magnetic Zeeman interaction in purple, blue, and green boxes. When the magnetic field is absent,
two main ZPL lines are observable under off-resonant excitation (green laser, 532nm): C line
between lower branches of optical ground and excited states, and D line between the upper branch
of optical ground state and the lower branch of optical excited state. A and B lines connecting
the upper branch of the excited state are normally missing for SnV~ due to much faster phonon
decay processes to the lower branch instead of optical transition at such a high energy (3 GHz to
4 GHz). The ZPL peaks are named according to Ref [60]. The C and D lines of typical SnV~
spectra in strained membrane and bulk diamond are shown in Figure 4.4 (d), with a stark contrast
of energy differences between the two ZPL lines (ground state splitting between two branches)
showing Ags = ~1300(850) GHz, respectively.

We emphasize that the strain generation is a deterministic process, and all SnV™ centers in the
membrane are comparably strained. As shown in Figure 4.4 (e), we observed a distribution of the
orbital branches splitting A4 centered around 1500 GHz across different devices with a minimum
(maximum) value of 1200(1800) GHz. Using the DFT strain susceptibility results, we estimate a
diamond membrane strain magnitude of 0.075 % according to the simulated strain profile. This
number is about 0.55 times of the simulated value, as shown in Figure 4.5. This magnitude mis-
match could come from the inaccurate approximation of energy splittings from KS orbitals, the
mismatch of the thermal expansion ratios between COMSOL® simulation and reality, or a lower
softening temperature of HSQ rather than the reported healing temperature [168]. In the following
discussions, we add this 0.55 pre-factor to the strain profile to best capture the system properties.
Nonetheless, the magnitude of the strain € is 5 to 10 times larger than the previous reported values

[63, 68].

The SnV~ strain regime As mentioned in previous sections, there is no exact description to cat-
egorize the strain magnitude to different regimes. In this work, we qualitatively make the judgment
via the ground state energy splitting Ags. In the low-strain regime, the energy splitting is close

to the spin-orbit coupling strength, which is nearly constant, while in the high-strain regime, the
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Figure 4.5: Strain profile comparison between simulated and experimentally measured results us-
ing the energy splitting between two orbital branches in ground and excited states. The simulated
and experimentally observed strain magnitudes are labeled in dashed red and green lines, respec-
tively. The DFT-simulated strain susceptibility parameters are used. The real strain profile is
considered to be the COMSOL® simulated strain profile times a scalar pre-factor, which is 0.55 in
this case.

splitting scales linearly with the strain magnitude. Guided by that, we use Ags = 1200 GHz as
the boundary between low-strain and intermediate regimes, and Ags = 2600 GHz between inter-
mediate and high-strain regimes. For our strain profile, these values translate to strain magnitudes
of 0.055% and 0.143 %. Therefore, most of SnV~ centers in diamond membranes fall into the
intermediate strain regime where spin-orbit coupling and crystal strain have comparable effects,

and numerical calculations has to be applied to estimate the system properties.

4.4.3 Emission properties of strained SnV~

Polarization One concern of the strained SnV™ centers is the potential change of the polarization
profile. At zero strain, the polarization of SnV~ ZPL photons depends on their molecular orienta-
tions and can be categorized as two groups if (100) diamond is used. We probe the polarization of
the strained SnV™ centers via a motor-mounted half-wave plate and a linear polarizer in the detec-
tion path. The photon emission intensity of the C and D lines with respect to the polarizer angle
in the lab frame is shown in Fig 4.6 (no external magnetic field). Both figures indicate the same
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Figure 4.6: Intensity of the (a) C line and (b) D line PL emission of SnV™ over linear polarization
in the lab-frame, showing negligible difference from strain-free group IV centers. The solid lines
are fitting curves of the expected polarization, which is linear for the C line and circular for the D
line. They are projected to the lab frame according to the model in Ref [60].

polarization profile as bulk group IV color centers, indicating that the polarization does not change

when a strain of this magnitude is introduced.

Optical lifetime Another concern of the strained SnV™ is their optical lifetime when living in
strained thin film diamond, a very different dielectric environment from bulk diamo