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Abstract

Color centers — crystal defects that act as artificial atoms trapped in the solid state — are

contenders for realizing network-based quantum computation. An outstanding challenge

has been the integration of color centers into scalable nanophotonic circuits, a prerequisite

for efficient entanglement generation between the nodes of a quantum network. Silicon

Carbide (SiC), a material traditionally used for abrasives, LEDs and transistors, has the

potential to realize such circuits in a wafer-scale, CMOS-compatible platform. However,

material fabrication challenges precluded the realization of high-quality SiC photonics. We

overcome these limitations by developing new nanofabrication techniques and establish SiC

as a high-performance classical photonics material. This development of classical photonic

devices in SiC constitutes the first part of this dissertation. Then, we adapt the classical

photonics techniques to fabricate devices that host coherent color centers, to demonstrate

the basic building blocks of quantum networks based on color centers in SiC photonics.

We isolate coherent single emitters in SiC photonic cavities, observe near-unity emitter-

cavity cooperativity, and demonstrate superradiance of a pair of color centers in a single

microresonator. Taken together, these results suggest that SiC is a candidate for closing

the long-standing “classical-quantum photonics gap”, characterized by a large disparity

between the excellent performance of classical photonic devices and comparatively non-

scalable and inefficient performance of the quantum-photonic counterparts. In the final part

of the dissertation, we discuss electrical control of single color centers in SiC, a key element

of the realization of homogeneous, scalable qubits compatible with large-scale, foundry-

fabricated color-center quantum circuits.

iv



Acknowledgments

First and foremost, I would like to thank my adviser Prof. Jelena Vučković. Jelena has
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Kevin Fischer and Rahul Trivedi for teaching me quantum optics theory; Constantin Dory

for introducing me to quantum optics and nanophotonics experiments; Shuo Sun for his

guidance in experiment, theory, and understanding current challenges in the field. I would

also like to express a special thank you to Kiyoul Yang. Over the years, I have learned

a great deal from Kiyoul both professionally and personally. I am grateful for Kiyoul’s

friendship and very excited for the next step in his career as he begins his own research

group.

I would also like to express my gratitude to the member of the Vučković group who was
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Chapter 1

Introduction

Quantum information processing (QIP) is among the most rapidly developing areas of sci-

ence and technology. It is perhaps the final frontier in the quest to harness the fundamental

properties of matter for computation, communication, data processing, and molecular simu-

lation. Any physical system governed by the laws of quantum mechanics can in principle be

a candidate for QIP; to date, however, the most advanced QIP demonstrations have been

implemented via superconducting qubits [6], trapped ions and atoms [220, 16], and photons

(via linear-optical quantum computing) [68]. Recently, optically-addressable crystal defects

have emerged as a novel platform for QIP [8, 9, 199, 49], interfacing some of nature’s best

quantum memories (a protected solid-state spin [225, 22, 125]) with a robust flying qubit

(photon) that can transport the quantum information [73]. Notably, solid-state defects lend

themselves to on-chip integration, promising future scalability. Optically-addressable spin

defects are thus noteworthy candidates for several QIP proposals, including network-based

quantum computing [135, 139, 138], cluster state generation [25, 160, 164] and quantum

communications [130, 19], and, in light of recent demonstration of fault-tolerant operation

of a color center spin register using the NV center[1], distributed quantum computation.

In recent years, the field of defect-based QIP has made extraordinary strides toward

realizing such proposals. Breakthroughs include the demonstration of long-distance en-

tanglement of solid state spins [73]; high fidelity single-shot readout (F > 0.9995) of a

color center spin state and memory-enhanced quantum communication [17]; nanophotonic

1
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quantum memories based on rare-earth ensembles [226] ; entanglement distillation between

distant electron-nuclear two-qubit nodes [81]; a 10-qubit quantum register based on nuclear

spins coupled to a single color center, with single-qubit coherence exceeding one minute

[22]; and fault-tolerant operation of a color center spin register [1]. Although scalability is

cited as a strength of optically-addressable spin defects, the field has yet to demonstrate

a breakthrough toward this end: So far, entanglement has been realized between at most

three optically-connected color centers in fiber networks [145], and at most two optically

connected color centers a chip [52, 97]. A central issue is the efficient interaction between

defects and photons. The photon emission of a dipole source is difficult to direct into a single

optical mode, a prerequisite for photon interference. The resulting low collection efficiencies

translate into prohibitively low rates of higher-dimensional entanglement generation. How-

ever, by integrating a defect with a nanophotonic cavity, one can greatly enhance the photon

emission rate into the cavity mode via the Purcell effect, thereby funneling the majority of

emitted photonics into the desired optical channel. This powerful technique has, for instance,

enabled single-shot readout of single rare-earth ions [84, 150], which are too dim outside of

a cavity to even observe individually. Many of the aforementioned recent breakthroughs in

defect-based QIP have been enabled by integration with nanophotonics [17, 226, 52, 97].

Notably, the aforementioned three-node network demonstration [145] has been performed

without coupling to photonic resonators, which suggests an optimistic outlook for the future

once each node takes advantage photonic integration.

Defect-based integrated quantum photonics [199, 49] is thus a recent and exciting union

of two distinct and rapidly developing fields: the study of quantum spintronics [9, 8] and

the development of classical integrated photonics [197, 72, 104, 102]. In the rest of this

chapter, we motivate in more detail the integration optically-addressable spin defects with

nanophotonics, and then provide a brief overview of the various color centers present in

Silicon Carbide.

1.1 Color centers

Color centers — atomic point defects in crystals — have been studied for almost a century,

but only recently were the particularly interesting color centers in Diamond and Silicon
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Figure 1.1: Bound states in an atomic defect. (a) Diagram of an F-center in NaCl.
(b) The F-center ground state: A trapped electron. (c) The excited state: An electron-
hole pair has eigenstates similar to that of a hydrogen atom with a modified effective mass
and charge. (d) Diagram of a Silicon Vacancy (SiV−) in diamond. The 10 bound valence
electrons contributed by the the carbon atoms and the silicon atom, as well as an additional
electron acquired from the environment, form a 11-electron state, shown in (e). Figure
reproduced from [188]

Carbide discovered and found to be promising for applications in single-photon sources and

optically-addressable qubits. A color center resembles a single optically-addressable atom,

well-isolated from the environment. The possibility of existence of bound states at a crystal

lattice defect is made intuitive from the perspective of the Bloch theorem, which states that

a periodic potential admits a continuum of propagating, non-scattering electronic states;

when translational symmetry is broken, a bound state can form. However, in order for a

defect to be a “color center”, it must admit at least two bound states that have an allowed

optical transitions between them in the visible or IR frequency. This restricts suitable

candidate materials to those with a large bandgap.

The first studied color centers are single-atom defects in an ionic crystal (referred to as

F-centers, for German fabre); An example of an F-center is a missing Chlorine atom in a

crystal of table salt, NaCl (Figure 1.1(a)–(c)). Upon removal of a sodium atom, the vacancy

is filled with an electron from the environment, and the state has a binding energy of EI .

The set of bound states can be viewed as hydrogen-atom-like single electron states, where

the electron is orbiting around a hole “nucleus”.[222]

In order to gain an understanding of the electronic structure of more complex color

centers, such as the well-studied Silicon Vacancy center in diamond (SiV−) [74], one can use

the linear combination of atomic orbitals (LCAO) method. Each of the six carbon atoms

contributes one sp3-hybridized orbital, and we assume that the interstitial Si modifies these
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orbitals slightly and contributes its valence electrons to them. Thus, we have six orbitals

and 6 + 4 + 1 electrons, from the C atoms, the Si atom, and the environment, respectively.

This system can thus be equivalently modeled as a 1-hole system. Using group theoretical

analysis [74] based on the crystal symmetry of the defect, one can understand the color

center’s orbital degeneracy. In the case of the SiV−, the group theory analysis arrives at

two non-degenerate orbitals and two pairs of degenerate orbitals, as seen in Figure 1.3(e).

1.2 Motivation for combining spin defects with photon-

ics

An optically-addressable defect, such as a color center, illustrated in Fig. 1.2a, features a

ground state manifold with a long coherence time which can emit spin-entangled photons.

This manifests as spin-dependent photon emission, where either the polarization or fre-

quency of the photon encodes the electron spin state (alternatively, time-bin entanglement

can be used [192]). The electronic spin can also be coupled to one or more nearby nuclear

spins [9, 173, 22]. Thus the defect can serve as a multi-qubit register, for applications in

error-corrected quantum computation (as part of a quantum photonic network, Fig. 1.2b)

[138] or as a source of photonic cluster states [25, 160] for quantum communications and

linear-optical quantum computing.

Spin-entangled optical photons are ideal carriers of quantum information for generating

remote entanglement: Their high energy renders them insensitive to decoherence at room

temperature (enabling routing of quantum information via the same commercial fibers that

route classical data) and makes it possible to measure them with high quantum efficiency

[51]. However, efficient manipulation and routing of optical photons is not a trivial problem.

Distributed Bragg reflectors, such as photonic crystals, can be used to engineer a fully-

reflecting boundary to confine and route light [121], but the high photon energy dictates

the small feature size of these confining structures, requiring more sophisticated nanofabri-

cation methods. Furthermore, since three-dimensional photonic crystals [121] (which create

a complete 4π steradian bandgap) are not yet practical, all means to confine light on a
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Figure 1.2: Quantum photonics with optically-addressable spins. (a) A suitable
defect features a spin-selective optical transition, where a photon degree of freedom (i.e.
polarization, frequency, or time-bin) is entangled with a ground-state spin featuring a long
coherence time. The defect’s optical lifetime is determined by the magnitude of its opti-
cal dipole moment, which in turn is dictated by the orbital structure of the excited and
ground state. (b) A quantum photonic network consists of multi-qubit registers, each con-
sisting of an optically-addressable electron spin strongly-coupled to nearby nuclear spins.
The registered are integrated together in a network via an efficient waveguide or fiber inter-
face. The network is equipped with beamsplitters and switches (which may be one and the
same depending on the implementation) for long-distance entanglement and circuit recon-
figurability. Low losses at all stages (including efficient photon collection from the defect,
low-loss photon propagation in waveguide, and high detector efficiency) are essential for
fault-tolerant computation, efficient quantum simulation, and long-distance quantum com-
munications. (c) Due to the weak confinement of optical photons in dielectric structures,
light from a quantum emitter does not couple efficiently to a simple dielectric waveguide.
Instead, a nanophotonic cavity or a slow-light waveguide mode must be used to enhance
the emission into the waveguide mode via the Purcell effect. Orbital graphic in (a) adapted
from [131]
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chip still rely on weak confinement via total internal reflection along at least one spatial di-

mension. Although a waveguide based on total internal reflection is a theoretically lossless

and experimentally practical structure for routing photons on-chip, it is not straightforward

to make a defect efficiently emit photons into the waveguide in the first place. This can

be intuitively understood by decomposing the dipole radiation pattern in the plane-wave

basis and noting that only a modest fraction of dipole emission goes into those plane wave

modes which get totally internally reflected, while the rest are scattered into a free space

continuum of modes. In order to increase the fraction of photons emitted into the desired

mode (referred to as the β factor), one must rely on more advanced techniques, through

careful control over the electromagnetic local density of states (LDOS). By embedding an

emitter into a nanophotonic cavity that is coupled strongly to a waveguide, or by enhancing

the LDOS in the waveguide itself [5], it is possible to enhance the defect’s single-mode emis-

sion while maximally suppressing all other scattering (Fig. 1.2c). Using this approach, β

factors approaching unity (to the point where they are negligible compared to other losses)

have been achieved [84, 17]. Since photon emission is reciprocal to photon absorption, a

defect well-coupled to a waveguide (or cavity) is equivalently suitable for reflection-based

spin-photon entanglement via dipole-induced transparency [195].

The control of LDOS of the quantum emitter not only minimizes the undesirable in-

teractions with free-space modes, but also reduces the effects of other emitter nonidealities

caused by its interaction with the solid-state environment. There are several mechanisms

that degrade a defect’s performance as a spin-photon interface: First, environmental fluctu-

ations induce decoherence of the emitted photons, manifesting as the broadening of optical

linewidths beyond the Fourier-transform limit (thus reducing the emitted photon indistin-

guishability). Second, many emitters have non-radiative pathways, via for example phonon-

assisted spin-mixing transitions [45]. As a result, most emitters have a non-unity quantum

efficiency, meaning not every excitation yields a photon. Third, coupling of the optical tran-

sition to optical phonons creates an additional decay pathway, whereby a photon is emitted

in combination with one or more phonons. This emission is broad in spectrum (> 0.1 eV)

and cannot be used for entanglement purposes. The fraction of “useful” — direct — emis-

sion into the zero-phonon line (ZPL) is referred to as the Debye-Waller Factor (DWF). The
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DWF depends on the electronic orbital structure of the defect, and thus varies greatly for

different defect types. Modification of the LDOS via, for example, integration of the defect

into a cavity, enhances the emission rate into the ZPL via the Purcell effect, thus boosting

the effective DWF and the quantum efficiency of the defect. Furthermore, since the emission

enhancement is accompanied by lifetime reduction, the negative effect of spectral diffusion

and homogeneous broadening on photon indistinguishability is also reduced.

Thus, the key purpose of combining a spin defect with photonic resonators is to increase

its interaction with indistinguishable photons to enable efficient entanglement of remote

defects. Here, “remote” signifies a distance greater than approximately 10 nm [136], beyond

which direct dipole-dipole interaction between two defects is too weak.

1.3 Optically-addressable spins in Silicon Carbide

Silicon carbide, in its numerous polytypes, has proven to be a versatile host to optically-

addressable, long-lived spin qubits [8, 9, 30]. Here, we briefly review the developments in

spin-based quantum technologies in SiC. We focus on the two most well-studied color centers

to-date, the silicon vacancy and the divacancy; we also highlight several emergent defects,

such as the chromium ion, that may offer new functionalities. A summary of the properties

of select defects in SiC is presented in Table 1.1. We note here that the more complex SiC

polytypes like 4H and 6H have multiple inequivalent lattice sites within a crystal unit cell

(illustrated in Fig. 1.3). Consequently, each defect in Table 1.1 is a family of several defect

types with similar but not identical properties. In addition to inequivalent lattice sites,

rotational symmetries of the crystal give rise to multiple orientations of the same defect, the

properties of which are otherwise identical.

The Divacancy

The neutral divacancy is composed of adjacent silicon and carbon vacancies, denoted by

VSiV
0
C. The combination of C3v symmetry, six active electrons, and spin-1 electronic struc-

ture render the optical and spin properties of the defect similar to the nitrogen vacancy (NV)

center in diamond. However, the optical transitions are in the 1100 nm range, which is more

favorable than the diamond NV center’s 637 nm emission for optical communications and
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Table 1.1: Optically-addressable spin defects in SiC
Debye
Waller Inverse Measured Stark Spin

Defect ZPL
(nm)

Polytype Factor lifetime linewidth shift T2

(DWF) (MHz) (MHz) (GHz) (ms) Refs.

V−
Si 862-917 4H, 6H,

15R
0.06-
0.09

27 51 200 20 [177, 12,

172, 167,

131, 11,

40, 191,

165, 129,

159, 114]

VSiV
0
C 1078-

1132
4H, 6H,
3C

0.07 11 20 850 5 · 103 [89, 53,

35, 55, 87,

79, 36, 40,

126, 3,

125, 4]

NCV
−
Si 1180-

1468
4H, 6H,
3C

- 75 - - 0.001
(T*

2)
[194, 219,

218, 39,

200]

Cr4+ 1042,
1070

4H 0.75 0.002 31 - 0.081 [90, 44]

V4+ 1278-
1388

4H, 6H < 0.50 0.9-14 750 - - [180, 209]

for integration into nanophotonic structures; The DWF of 0.07 [36] is also an improvement

over the NV center. Single divacancies with narrow optical linewidths and spin coherence

up to 1 ms have been observed in SiC crystals without isotope purification [36]. Recently,

the discovery of dressed clock transitions have enabled the demonstration of divacancy co-

herence of 64 ms in material with natural isotope content [125]. Divacancy ensembles have

been used to achieve a high degree of polarization of the SiC nuclear spin bath [55, 79].

Ensemble entanglement with nuclear spins at ambient conditions has been shown [87], as

well as the control of single divacancy-coupled nuclear spins [20]. Electrical and mechanical

spin control of the divacancy have been demonstrated [88, 54, 205]. Recently, single-shot

readout of the divacancy was demonstrated, enabling the observation of a five-second coher-

ence time of the defect using dynamical decoupling [4]. In a major step toward wafer-scale

optical and electrical integration of color centers, commercial p-i-n junction SiC devices have

been engineered to host individually-addressable divacancies with nearly lifetime-limited op-

tical transitions, millisecond spin-coherence times, as well as optical and electrical charge

control[3]. Furthermore, these devices can produce a Stark shift as large as 850 GHz. This
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Figure 1.3: Optically-active spins in SiC. The 4H-SiC crystal lattice, showing the in-
equivalent configurations of the divacancy, silicon vacancy (VSi), and chromium ion.

is the first demonstration of such a combination of state-of-the-art optically-addressable

spin-qubit properties in a single scalable semiconductor platform, opening opportunities for

multi-qubit integration once combined with LDOS-enhancing photonic structures.

Emerging defects

Numerous other defects in SiC are currently under investigation for applications in quantum

photonics. The nitrogen-vacancy center (NCV
−
Si) in SiC has been identified as a color center

with a favorable emission frequency near the telecommunications S-band [194, 39, 218, 219].

Recently, coherent spin control has been observed in NCV
−
Si ensembles [200]. Further studies

are necessary to investigate the cause of the low brightness of the NCV
−
Si as compared to

its diamond counterpart; it may be due to a low quantum efficiency (i.e., a large percent-

age of the excited state decay is into the non-radiative intersystem crossing) or a long-lived

metastable state. Another defect, the chromium ion (Cr4+), has been identified as a promis-

ing quantum memory. Cr4+ has an optical excited state lifetime of 155 µs, and emits 75%

of photons into the ZPL in the near-IR [90, 44]. This suggests that integration of the Cr4+

into nanophotonic structures may enable a large reduction of lifetime, which is essential for

the efficient readout of single spins without a cycling transition [150]. However, the intrinsic

optical and spin coherence of Cr4+ defects remains an outstanding question; So far, only

high density Cr4+ ensembles have been studied, where the optical linewidths are 104 times



CHAPTER 1. INTRODUCTION 10

Figure 1.4: The silicon vacancy (VSi) in SiC. The spin-1/2 manifold and spin-3/2
manifold emit at different frequencies. In the diagram, the transition emission wavelength
is represented by the color (red or blue), although the actual frequency difference of the
optical transitions is very small ( (emission lines spectrally separated by just 1 GHz).

broader than lifetime-limited, and the measured spin-coherence time of 81 µs is limited by

spin-spin interactions in the ensemble [44]. Finally, we highlight the vanadium impurity in

SiC, V4+, which is notable for its emission in the O-band and unusual optical lifetime of 108

and 167 ns (for the brighter inequivalent lattice sites) [209]. Particularly interesting is the

strong sensitivity of the V4+ optical transition to nearby nuclear spins, suggesting potential

applications for optically-resolved nuclear spin registers [209].

The Silicon Vacancy

The negatively-charged silicon vacancy (V−
Si, written VSi henceforth), a single missing sili-

con atom with an extra electron at the vacancy site, has been observed in the 4H, 6H, and

15R polytypes of SiC. Its electronic configuration is modeled by five active electrons (three

holes) resulting in a unique spin-3/2 system [93], which has enabled novel sensing protocols
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Figure 1.5: The illustration of a cluster-state generation protocol. If prepared in the
1/2 (3/2) ground state, upon excitation with an above-resonant laser, the VSi will emit a
blue (red) photon. If the ground state is prepared in a spin-state superposition, the photon
will be a superposition of red and blue. By repeatedly exciting the VSi while applying a
ground state gate after each emission, a variety of chains of entangled photons, such as the
cluster state, can be generated [47]

[166, 168] and the realization of a spin qudit [171]. The spin-photon interface of the VSi is

illustrated in Fig. 1.4, and an illustration of how it be used for cluster state generation is

shown in Fig. 1.5. In single isolated defects, a spin-coherence time of 1.4 ms has been mea-

sured at 10 K [10]. In VSi ensembles, spin-coherence time as high as T2 = 20 ms has been

observed using dynamic decoupling techniques [167]. Numerous approaches to generate VSi

have been studied, including irradiation using electrons [207, 35], neutrons [63], as well as

ionized hydrogen [92] and helium[10]. In an effort to optimize VSi generation, the impact

of different irradiation approaches on spin coherence has been systematically investigated

[82]. Direct laser writing [34], ion implantation [201, 10], and proton beam writing [92] have

been investigated for deterministic defect placement. Recently, the theoretically predicted

[178] excited state fine structure of the VSi was experimentally confirmed in both inequiv-

alent lattice sites in 4H-SiC [11, 131], enabling high-fidelity spin initialization [131] via the

spin-selective intersystem crossing pathways [178, 45]. The observation of narrow optical



CHAPTER 1. INTRODUCTION 12

transitions [131, 11, 129], allowed for the demonstration of highly-indistinguishable photon

emission with above-resonant driving [129], an important step toward implementing cluster-

state generation proposals [47, 160]. The theoretically-predicted first-order DC Stark shift

[190] has been observed in ensembles [159] (well as in single defects, with a tuning range

of 200 GHz [114] is sufficient to overcome spectral inhomogeneity of defect ensembles [131]

as will be described in Chapter 4 of this dissertation [114]). Integration into semiconductor

devices such as the p-i-n junction has enabled electrical readout of the spin-state [140] and

electrical control of the charge state [208] at room temperature.

Theoretical model for the h-VSi structure

The h-VSi Hamiltonian is given as H = HZFS + HZ + Hd in terms of zero field splitting

(ZFS) HZFS =
∑

i=g,eDi(S
2
i,z−5/4) and Zeeman interaction Hz =

∑
i=g,e gµBB⃗ · S⃗i/ℏ spin

Hamiltonians[179] in which S⃗i are the well known spin-3/2 operators in each ground (g) and

excited (e) state subspaces. The optical drive between the ground and the excited states is

represented by Hd =
∑

i ω(ae
−iωdt |ei⟩ ⟨gi|+h.c.) for a laser of frequency ωd and amplitude

Ω (Rabi frequency). All radiative and nonradiative (intersystem crossing) decay processes

of the VSi defect are represented by the Lindblad super-operators and shown in Fig. 1.6.

The final Hamiltonian is constructed in the 12 Hilbert space spanned by four excited, four

ground, and four metastable states shown in Fig. 1.6 that are previously determined by the

electronic structure calculations and group theoretical analysis[178].

All four (d1 - d4) metastable states with ve2 (A1), v
2e (E), ue2 (A1), and uve (E) orbital

configurations (symmetry), shown in Fig. 1.6, form the intersystem crossing mechanism of

this defect and responsible for the spin polarization. Due to their equal transition moments,

both spin ms = ±3/2 (|e2⟩ → |g2⟩) and ms = ±1/2 (|e1⟩ → |g1⟩) radiative decay channels

have the same rate γr. The general relationship between each non-radiative decay channel,

within the same doublet orbital manifold, can be obtained by the phonon assisted direct spin-

orbit coupling matrix elements, in the form of 2π
ℏ

∣∣∣⟨ψg,e|
∑

j λzl
z
j s

z
j + λT l

x,y
j sx,yj |ψd1−d4

⟩
∣∣∣2 in

the symmetry adapted wave-function basis of the j = 5 active electrons of this defect

center[178]. Therefore, the symmetry allowed nonradiative decay channels into and out of

all the metastable states are identified by their corresponding spin orbit coupling coefficients
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Figure 1.6: Electronic fine structure model and intersystem crossing mechanism
of the VSi. The radiative decay rates for both spin-3/2 and -1/2 channels are labeled as
γr. The ground and excited state ZFS are given by Dg and De, respectively. Additional
potential spin relaxation processes between allowed doublets (via spin-orbit coupling) are
shown by circular arrows. Dashed and solid black arrows correspond to ISC channels assisted
by the longitudinal and orthogonal components (with respect to the c-axis) of the spin-orbit
coupling and optical emission polarization.

λz (parallel to the c-axis) and λT (perpendicular to the c-axis) in Fig. 1.6. We note that,

even though we use our 12-dimensional extended Hamiltonian for g(2)(τ) calculations here,

in the presence of fast spin relaxation among d1 ↔ d2 and d3 ↔ d4 doublet states, the

electronic fine structure of the VSi can be reduced to earlier simplified models [131, 11] that

involves only two metastable doublets instead of the four used here. Furthermore, here we

assume the decay from upper to lower doublet states is due to emission of photons. Although

these transitions can also be assisted by generally slower phonon processes, this does not

affect our results here as both possibilities are indirectly taken into account under the overall

lifetime of the metastable doublet states found here. Further studies in the future resolving
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the detailed breakdown of the metastable state lifetimes may allow for the identification of

the underlying dominant decay process between the doublets.

Comparison of k-VSi and h-VSi

4H-SiC admits two inequivalent single-atom defects, and consequently the VSi appears in

two varieties, either on the hexagonal site (h-VSi) or the cubic site k -VSi. The k -VSi differs

from the h-VSi in its optical frequency (ZPL at 916 nm compared to 861 nm for h-VSi) as well

as the zero-field splitting[190]: Compared with the ground (excited) state splitting of h-VSi

of 4.5 MHz (1 GHz), the ground (excited) state splitting in k -VSi is −70 MHz (−1 GHz)[131,

11]. The 3/2 and 1/2 optical transitions from the lower excited state manifold, are denoted

A1 and A2 for k-VSi and A2 and A1 for h-VSi. In this dissertation, we focus on the A1

and A2 transitions for obtaining indistinguishable single photon emission from the VSi. For

these transitions, the Debye Waller Factor is similar for both defects, at 8-9% [165, 191].

The larger ground state splitting of the k -VSi is advantageous as it enables high-fidelity

driving of spin transitions with shorter microwave pulses.

A key distinction between the k- and h- VSi, as investigated experimentally and theo-

retically in Ref. [191], is the energy separation of the upper excited state manifold from the

lower excited state manifold (the complete level diagram is illustrated in Ref. [47]): The

temperature at which the A1 and A2 optical transitions begin to display reduced coherence

is dictated by their energy separation from the upper excited state manifold. Since k-VSi

has a much larger energy separation, it operates well at higher temperatures. Specifically,

while the h-VSi begins to degrade at a temperature of around 5 K, k-VSi remains coherent

up to 20 K, making it much more robust for integration into 4 K liquid helium cryogenic

systems.



Chapter 2

Silicon Carbide on Insulator

A tried-and-true approach for the development of integrated photonic circuits is through

the use of thin films. Silicon wafers were widely available already in the 1970’s, but it was

not until the commercialization of the single-crystal Silicon-on-Insulator (SOI) platform

in the 2000’s that integrated silicon photonics took off.[214] High quality crystalline SiC

has been commercially available for decades as a result of investment by the semiconductor

industry. However, there has not been a demonstration of thin films with the crystal integrity

of sublimation- or homoepitaxially-grown bulk crystal. The lack of high quality Silicon

Carbide on Insulator (SiCOI) material has been a roadblock for utilizing SiC both in classical

photonics and for scalable quantum architectures. This chapter covers the development of

high-quality SiCOI via grinding and polishing, and how it enables high-performance SiCOI

classical photonics.

2.1 Previous approaches to SiC-on-Insulator

Wafer-scale growth and processing of 4H and 6H polytypes of SiC was developed in the 1990’s

for applications in high-power electronics. Soon after, 4H- and 6H-SiC-on-insulator (SiCOI)

were demonstrated [43] using the same ion-implantation (Smart-Cut) method that is used to

produce silicon-on-insulator (SOI) wafers. This technology enabled the first demonstration

of photonic crystal cavities (PhCs) in SiC [176, 211]. As the development of photonics in

15
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Smart-Cut 4H-SiC continued [28] and Smart-Cut SiCOI became optimized on a wafer-scale

[215], the intrinsic optical absorption of the SiC thin films was identified as the limiting

factor for high-Q SiC photonics, limiting waveguide losses to > 5 dB/cm [224]. Although

further optimization of the implantation conditions may remedy the low material quality

[28], it is unclear whether the Smart-Cut method is suitable for producing films of SiC

with the same nearly-pristine crystal quality as silicon-on-insulator. The difference between

Smart-Cut SOI and SiCOI stems from the drastically different thermal properties of silicon

and SiC: The lattice of silicon will soften and heal at the modest temperatures achievable

in standard quartz furnaces. SiC, in turn, is one of the most refractory materials, subliming

at 2700◦C. Repairing the lattice in post-processing without destroying the substrate is thus

likely impossible.

Another approach to SiC photonics takes advantage of the heteroepitaxial growth of

3C-SiC films on silicon. A variety of 3C-SiC-on-Si photonics devices have been demon-

strated, including PhCs [29, 148] and whispering-gallery-mode resonators [107]. However,

this approach also suffers from substantial intrinsic material absorption, due to the high

density of crystal defects near the growth interface caused by the Si-SiC lattice mismatch.

Recently, a technique based on film transfer and back-side polishing introduced the 3C-SiC-

on-insulator platform and enabled waveguides with losses down to 1.5 dB/cm, still likely

limited by material absorption [56, 57].

Thus, the approaches to the production of thin film SiCOI have been limited to absorption-

induced waveguide losses > 1 dB/cm, which precluded nonlinear optics demonstrations such

as optical parametric oscillation and efficient second harmonic generation that constitute a

right-of-passage rendering a material platform useful for a variety of applications in inte-

grated photonics.

If crystal lattice imperfections make themselves evident through increased optical ab-

sorption in nanophotonics, it does not bode well for the optical coherence properties of color

centers. The coherence properties of color centers are highly sensitive even to low densities

of unwanted defects. Indeed, in the first demonstration of SiC color centers coupled to a

nanophotonic resonator — using PhCs fabricated in 3C-SiC-on-Si — the color center optical

coherence was shown to be severely degraded by the lattice mismatch between Si and SiC
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Figure 2.1: Three approaches to preparing the SiCOI material platform. ( i) Ion
slicing (known by its trademark name SmartCut) produces uniform thin films with thickness
limited by the stopping range of hydrogen ions, as dictated by the ion energy. However,
losses are significant due to the absorption from implantation-induced crystal defects. ( ii)
Direct growth of 3C-SiCOI via heteroepitaxy on silicon can produce arbitrary thickness
uniform films, but lattice mismatch results in poly-crystalline films. ( iii) The grind-and-
polish method can be used to produce SiC with pristine crystal quality, but results in
non-uniform thickness on the wafer scale. Figure reproduced from [112].
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[27]. Similarly, color centers with good optical coherence have not been observed in Smart-

Cut SiCOI, a consequence of the lattice damage induced by Smart-Cut ion-implantation:

The dose required in the Smart-Cut process (1016−1017 ions/cm2) exceeds the dose used to

generate spatially-resolvable single defects by four orders of magnitude. As noted above, it is

possible to reduce the crystal damage from ion implantation by performing implantation at

elevated temperatures [29]. However, optical coherence properties of color centers in SiCOI

films produced with heated implantation have not yet been investigated.

2.2 SiCOI via grinding and polishing

The process for fabrication of 4H-Silicon Carbide on Insulator begins with fusion bonding of

bulk 4H-SiC to an oxidized Si handle wafer, followed by thinning and chemical-mechanical

polishing. The resulting material stack is a layer of 4H-SiC on top of a buried silicon oxide

(SiO2) layer on silicon. The dimensions of the device and the buried oxide layers may be

varied arbitrarily, enabling a variety of photonic applications.

Initially, we performed the demontration on a chip-scale, bonding SiC dies to a silicon

substrate. The process proceeds as follows: We begin with a 4 inch wafer of on-axis,

research-grade, high-purity-semi-insulating (HPSI) 4H-SiC from Cree, Inc., and dice it into

10 mm x 10 mm dies. Dies are thoroughly cleaned, and approximately 20 nm of thermal

SiO2 is grown. Separately, a SiO2-on-Si handle wafer is prepared by thermal oxidation. The

dies are bonded to the handle wafer at room temperature with manual pressure. The bond is

strengthened by annealing at 900 ◦C, which results in a robust SiO2-SiO2 fusion bond. The

wafer is then processed in a wafer grinder (DAG810 from Disco Corp.), to thin the SiC to a

thickness of 15 µm. The wafer is then chemically-mechanically polished (POLI-400L from

G&P Tech.). Finally, SiC film is further thinned down to the desired thickness via reactive

ion etching in SF6/O2 plasma (PlasmaTherm Versaline ICP). The images of the SiC wafer

at different stages of processing is shown in Fig. 2.2. In an industrial setting, a final thickness

variation of ∼ 1 µm across a 100 mm wafer should be possible. The methodology has also

been implemented on the wafer scale [174]. Recently, researchers have shown uniformity of

several microns across the entire wafer [198].

After the preparation of thin films of 4H-SiC, we proceed to the fabrication of photonic
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Figure 2.2: Images of the thin films fabrication process on a die-scale. (a) 10×10 mm
SiC dies bonded to the thermally-oxidized silicon wafer. (b) The wafer after thinning and
polishing, with films approximately 15 µm thick. (c) Close-up image of one die after reactive-
ion etch thinning (thickness approximately 1 µm). The non-uniformity arising from edge
effects is clearly visible. (d) A 3x3 mm chip after device fabrication.
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resonators to determine whether the improved material enables lower-loss photonics than

previous approaches. Microring resonators are fabricated from 4H-SiCOI with a SiC thick-

ness of 350 nm and a buried SiO2 thickness of 3 µm. We define the pattern via electron

beam lithography (JEOL 6300-FS) in HSQ resist (FOx-16, Dow Corning Corp.). Note that

the only means of chemically removing the HSQ after the SiC etch is via HF, which would

cause undesirable etching of the exposed buried oxide layer. To circumvent this issue, we

spin a 30 nm layer of PMMA resist prior to spinning HSQ resist. The HSQ pattern is trans-

ferred into SiC via SF6/O2 plasma. Then, the HSQ is lifted off by dissolving the PMMA

layer in solvent. As a final step, we deposit 3 µm of SiO2 cladding. Coupling to the ring

resonators was performed via two point-coupled waveguides (below critical coupling), ter-

minated with inverse-designed grating couplers. The Mach Zehnder interferometer used for

spectral calibration of ring resonator measurements produces sinusoidal fringes with free-

spectral-range of 194.1 MHz, and the free-spectral-range was calibrated using an adaption

of the radio-frequency spectroscopy method.[98] Three TE mode families are observed in

rings with diameter 55 µm, width 2.5 µm, and height 350 nm. The maximum quality factor

(Q factor) of 7.8 · 105 is measured for the fundamental mode, corresponding to propagation

loss of 0.5 dB/cm (calculated using the simulated effective refractive index of the mode) as

follows:

waveguide loss (dB/cm) = 10 · log10(exp(−2πneff/(Qλ) · [1 cm]))

This is an order of magnitude improvement over the state of the art in 4H-SiC waveguides at

the time, where material absorption is cited as the limiting factor. [28, 56] Thus, we conclude

that the pristine, mono-crystalline thin film material indeed enables improved performance

of photonic devices.

2.3 Measuring the absorption limit of bulk 4H-SiC

After demonstrating that low-loss photonics are possible in SiC via the presented thin-film

fabrication approach that preserves the bulk-crystal material quality, the natural question

that arises is: What is the material-absorption limit of bulk 4H-SiC? To answer this ques-

tion, we perform high resolution characterization of the intrinsic absorption of SiC via
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photothermal common-path interferometry (PCI), which has been used to detect absolute

absorption down to 1 ppm/cm [120]. In PCI, a low-power probe beam is used to sense

the heating effect from the absorption of a high-power pump beam, as shown in Fig. 2.3a.

The pump beam, with comparatively smaller waist, is chopped, periodically modulating the

heating effect, which induces self-interference of the probe beam via the photothermal ef-

fect. We perform absorption measurements on sublimation-grown HPSI 4H-SiC (Shanghai

Famous Trade Co. LTD) with resistivity exceeding 105 Ω·m (Fig. 2.3b). The measured

absorption is shown in Table 2.1. We note that the absolute accuracy of PCI requires a

low-transparency calibration sample or precise knowledge of material properties, including

the refractive index, the thermo-optic coefficient, the coefficient of thermal expansion, and

the thermal conductivity. Based on previously-reported values of these parameters for 4H-

SiC [202, 204, 100, 203], we conservatively estimate the absolute accuracy of the reported

values to be ±25%. However, the relative precision is within 1%. This allows us to observe

wavelength-dependent anisotropy in absorption (3.68 at 1550 nm and 2.02 at 1064 nm).

Such strong wavelength-dependent anisotropy suggests that residual optically-active defects

with polarization-dependent near-IR and telecom absorption [219, 89, 206], rather than the

bulk SiC lattice, may be the dominant source of loss; however, further investigation is nec-

essary. Our high-resolution absorption measurements indicate that Q-factors exceeding 107

are possible in SiC. Defect-free epitaxial SiC layers used in quantum technologies [206, 131, 3]

may enable photonics with even higher Q factors.

Table 2.1: Intrinsic optical loss of HPSI 4H-SiC
Wavelength Polarization Absorption (dB/cm)

1064 nm
⊥ c-axis 0.063
∥ c-axis 0.031

1550 nm
⊥ c-axis 0.074
∥ c-axis 0.020

2.4 Mask optimization for high-performance photonics

After the first demonstration of high-Q photonics in SiC, we began to explore fabrication

optimization methods to further improve the photonics performance. We altered the fab-

rication process as follows: Instead of using HSQ as the resist, we opted for Aluminum
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Figure 2.3: Measurement of the intrinsic loss of 4H-SiC. (a) Diagram of the PCI
measurement setup, described in detail in Ref. [120]. (b) A crystal of 4H-SiC with dimensions
of 5 × 5 × 10 mm undergoing the measurement. Multiple reflections of the red probe laser
inside the crystal are visible.

hardmask with ZEP520 e-beam resist. The choice of ZEP was motivated by the reliability

of its performance, especially important in the non-ideal conditions of a university clean-

room. The choice of Aluminum was motivated by its good resistance to SF6 plasma and the

availability of a high-selectivity Aluminum plasma etch recipe provided for the Plasmatherm

ICP-RIE etcher by the manufacturer. The switch to the Aluminum hardmask had further

benefits: The Aluminum layer provides additional charge dissipation, and eliminates is-

sues with adhesion and thermally-induced shrinking previously encountered with HSQ. One

challenge we encountered is that the Aluminum would form bumps on the surface as a

result of the post-spin bake of ZEP resist. We found that the deposition of a 5 nm layer

of Titanium before and after the Aluminum deposition fully solved the problem. For the

e-beam lithography, we switched to the Raith Voyager 50 keV instrument due to its spiral

circle-writing capabilities. For the SiC etch, we reduce the etch power to target a slow etch

at about 45 nm/minute etch, to decrease heating of the sample and to improve selectivity.

We measured a hard-mask selectivity of 9 against SiC (compared to 2 for HSQ). Using this

method, devices in SiC films as thick as 1.5 µm can be fabricated. The modification of the

lithography and etch process has enabled much higher reliability, better feature fidelity, and

smoother sidewalls.
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Figure 2.4a shows microring resonator devices before oxide encapsulation (cross-sectional

diagram of the device shown in Fig. 2.4b). Q factors as high as 1.1 · 106 are measured

(Fig. 2.4c), which corresponds to waveguide loss of 0.38 dB/cm (in later experiments, we

have observed Q-factors exceeding 5 million (Fig. 2.7)). Routing light to and from the chip

is done via efficient and broadband inverse-designed vertical couplers [182, 46], designed

for operation at normal incidence with a peak single-mode coupling efficiency of 31%, as

illustrated in Fig. 2.4(d-f). Accurate pattern transfer and high aspect ratio nanostruc-

tures enabled by the new fabrication approach were essential for the demonstration of the

close agreement between the simulated and measured efficiency at the target wavelength of

1550 nm.

2.5 Nonlinear photonics in SiC

SiC possesses a high second-order nonlinearity of 12 pm/V [162] as well as high linear

and nonlinear refractive indices [67] (n = 2.6 and n2 = 6.9 · 10−15 cm2/W at 1550 nm),

which makes it suitable for highly efficient, compact second-order and third-order nonlinear

photonic devices. In this section, we describe nonlinear photonic demonstrations that were

enabled by the presented SiC-on-Insulator photonics platform.

2.5.1 Second harmonic generation

Here, we demonstrate efficient second-harmonic generation at sub-milliwatt powers using

modal phase-matching in a high-Q microring resonator (Fig. 2.5a). Towards this end, we

design the dimensions of the ring to induce geometric dispersion to balance the intrinsic ma-

terial dispersion and allow for phase-matching across a wide frequency separation. To utilise

the d31 nonlinear term in c-cut 4H-SiC, we design for phase-matching between the funda-

mental quasi-transverse-electric mode (TE00) at 1555 nm and a quasi-transverse-magnetic

mode TM20 at 777.5 nm. Finite-element method simulation using anisotropic Sellmeier

equations[202] for air-clad 4H-SiC shows that effective refractive index matching is possible

between these modes for a waveguide thickness of 350 nm, a waveguide width of 560 nm, and

a microring radius of 27.5 µm (see Fig. 2.5b). Two bus waveguides are designed to selectively
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Figure 2.4: Microring resonators and inverse-designed vertical couplers in 4H-
SiC-on-insulator. (a) A scanning electron micrograph (SEM) of two SiC microring res-
onators (false-colored) with diameters of 55 µm and 100 µm before SiO2 encapsulation. (b)
A schematic of the device cross-section after SiO2 encapsulation. (c) Transmission spectrum
of a ring with diameter 100 µm, width 3.0 µm, and height 530 nm, around a TE00 resonance
with an intrinsic Q of 1.1 · 106 and loaded Q of 9.7 · 105. The wavelength is relative to
1532 nm. (d) A close-up SEM image of the inverse-designed vertical coupler, highlighted in
(a). The coupler converts a near-diffraction-limited free-space Gaussian beam (focused via
a 50x objective with NA= 0.5) into the fundamental waveguide mode. (e) Camera image of
the coupler operating at peak efficiency, showing little back-reflection from the input cou-
pler, and a nearly-Gaussian beam at the output. (f) We measure the single-mode coupling
efficiency to be 31% at the target wavelength of 1550 nm, in close agreement with finite-
difference time domain (FDTD) simulation. The interference fringes observed in experiment
are attributed to back-reflection in the couplers.
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point couple either the pump or second harmonic, each equipped with inverse-designed grat-

ing couplers[46] optimised for the appropriate wavelength (see Fig. 2.5a). Via transmission

measurements through each bus waveguide at the respective design wavelength, we measure

loaded Q factors of 8 · 104 for the pump at near-critical coupling and 2 · 104 for the second

harmonic, undercoupled with a transmission of T = 0.5. The devices were designed to be

compatible with air-clad inverse-designed vertical couplers. By varying the pump power,

we obtain a linear power dependence of the SHG with the square of the pump power, as

expected in the undepleted pump limit (see Fig. 2.5c). The SHG efficiency is defined as

the ratio between the generated second-harmonic power in the output waveguide versus the

square of the pump power in the input waveguide; thus the efficiency of our SHG process is

measured to be 360% W−1.

The efficiency of second harmonic generation in a doubly resonant cavity may be derived

using temporal coupled mode theory[154]. At low input powers in the undepleted pump limit

(marked by a quadratic dependence of output power P2 on input power P1), the second

harmonic conversion efficiency is given by

P2

P 2
1

= 32
Q4

1Q
2
2

Q2
1,cQ2,c

|β|2

ω1

where ω1 is the frequency of the pump (ω2 = 2ω1), β is the cavity mode coupling factor,

and Qk is the total Q of the kth cavity mode, described by 1
Qk

= 1
Qk,c

+ 1
Qk,i

where Qk,c

is proportional to the decay rate into the output waveguide and Qk,i is proportional to the

loss rate due to all other loss channels (including material absorption). Via transmission

measurements through each bus waveguide at the respective designed wavelength (assuming

that coupling into the non-designed bus waveguide for a given wavelength is negligible), we

measure Q1 = 8.5 · 104, Q1,c = 1.3 · 105, Q2 = 3.5 · 104, and Q2,c = 2.3 · 105. The general

representation of β for a three-wave mixing process is derived via perturbation theory to be

β =
1

4

∫
d3xϵ0

∑
ijk χ

(2)
ijkE

∗
1i(E

∗
2jE3k + E∗

2kE3j)√∫
d3xϵ|E1|2

√∫
d3xϵ|E2|2

√∫
d3xϵ|E3|2

where i, j, k ∈ {x, y, z}, χ(2) is the second-order nonlinearity of the material, and Elm

represents the electric field component polarized along m of the lth mode. In the SHG
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Figure 2.5: Efficient second-order frequency conversion in microring resonators.
a SEM of a ring resonator designed for second-harmonic generation. The fundamental TE00

mode at 1555 nm is converted to a TM20 mode at 777.5 nm, and coupled out via a single-
mode, effective index-matched waveguide. Inset: Optical image of the second-harmonic
out-coupled via an inverse-designed vertical coupler (ring outline is overlaid for clarity).
b Numerical simulation of the phase-matching condition for the 1555 nm TE00 and the
777.5 nm TM20 modes, demonstrating mode-matching for a waveguide width of 560 nm.
Insets: Simulated mode profiles. c Dependence of second-harmonic power in the output
waveguide on the pump power in the input waveguide. A quadratic fit reveals a conversion
efficiency of 360% W−1. Inset: The second-harmonic signal imaged on a spectrometer.

process, this representation is simplified by setting E1 = E2. Using a finite-element method

simulation, we solve for the mode profiles in a curved waveguide at the relevant wavelengths

(see Fig. 5.3) and use them to calculate |β| = 4 J−1/2. Using the above model, the theoretical

efficiency of our SHG process is approximately 700% W−1. This discrepancy is likely a result

of nonuniformity in the microring waveguide dimensions at different azimuthal angles, which

degrades overall phase-matching.[115] With improved Q-factors and optimized fabrication

techniques, the conversion efficiency may be significantly improved.

2.5.2 Optical parametric oscillation in SiC

In order to generate degenerate four-wave mixing OPO, one must achieve frequency and

phase matching between the pump, signal, and idler modes in the resonator. The frequency

matching condition 2ωp = ωs +ωi follows from conservation of energy. The phase matching

condition ensures proper volumetric mode overlap and, for OPO within one mode family of

a microring, reduces to the statement of conservation of angular momentum 2µp = µs + µi,

where µ is the azimuthal mode number [85]. The spectral characteristics of the OPO and
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subsequent microcomb are determined by the dispersion relative to the pump mode (µp = 0)

ω(µ) = ω0 +
∑
k=1

Dk

k!
µk (2.1)

where the kth-order dispersion is Dk. Here, D1 is the free spectral range (FSR) of the

resonator. When D2 dominates all higher-order terms and is positive (negative), the mode

dispersion is said to be anomalous (normal).

We engineer microrings to possess anomalous dispersion in the TE10 mode across the

telecommunications band for broadband microcomb generation [75]. The dispersion calcu-

lations include material anisotropy [202], and are performed in cylindrical coordinates to

include the effect of the microring bending radius. For 100 µm diameter microrings, tar-

get height of 530 nm and width of 1850 nm (with a sidewall angle of 10◦) are chosen. To

predict the OPO behavior, we obtain a transmission spectrum across the full range of the

tunable laser (1520-1570 nm), and extract the dispersion of the TE10 mode by measuring

the frequencies of the resonances. To measure dispersion with high precision, we rely on

a Mach Zehnder interferometer “ruler”, the free spectral range of which is measured using

an adaption of the radio-frequency spectroscopy method [216]. Figure 2.6a shows the in-

tegrated dispersion Dint = ω(µ) − (ω0 + D1µ) with respect to mode number, to visualize

all k ≥ 2 dispersion terms. Numerical simulation of the integrated dispersion for the target

microring dimensions is plotted for comparison, showing agreement.

The intrinsic (loaded) Q factor of the TE10 mode is measured to be 2.7 · 105 (1.8 · 105).

At the OPO threshold power, primary sidebands emerge at µ = ±12. As more power is

injected into the microring, a primary comb at the multi-FSR sideband spacing emerges

(Fig. 2.6b). At 75 mW, spectrally-separated sub-combs are formed around the primary

lines. At the maximum injected power, the sub-combs fill out and interfere around the

pump, which is evidence of chaotic comb generation [75]. The thermo-optic effect we observe

in our devices may require the use of active capture techniques [217] for soliton formation,

and lithographic control of device structure can eliminate avoided mode crossings, which

may otherwise impede soliton capture. Using the experimental parameters of our device,

we simulate the soliton frequency comb using the Lugiato-Lefever equation [32], neglecting

Raman and χ(2) effects. The simulated soliton is shown in the last plot in Fig. 2.6b.
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Figure 2.6: Microcomb formation in a 4H-SiC microring. (a) Measured integrated dispersion
(green points) of the TE10 mode versus the relative mode number µ, where µ = 0 corresponds
to the pump mode. The orange curve is a numerical simulation, from which we extract
D2/2π = 61 MHz and D3/2π = −0.01 MHz. Center inset: Close-up of the measured
dispersion datapoints. Left inset: Numerical simulation of the TE10 mode cross-section. (b)
Measured OPO spectra (blue) at different injected powers, featuring three distinct stages in
the microcomb formation. A sech2 fit (red envelope) is overlaid onto the chaotic frequency
comb for comparison to the characteristic soliton spectral shape. Simulation (red) of the
soliton.

Finally, we measure the OPO power threshold in our devices and use it to determine the

nonlinear refractive index (n2) of 4H-SiC. The power threshold of the OPO is defined as

the input power in the waveguide at which the primary sideband emerges. This threshold

is determined by the loss (described by the loaded quality factors QL,s, QL,i, and QL,p of
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Figure 2.7: Sub-mW parametric oscillation threshold power (a) SiC parametric
oscillation induced by pumping at the wavelength of 1553.3 nm. Top panel shows OPO just
above the threshold power (510 µW total power in the waveguide). Middle and lower panels
show measured optical spectra with loaded pump power of approximately 570 and 600 µW,
respectively. (b) High-resolution scan of the fundamental TE mode with a loaded (intrinsic)
quality factor of 3.19 (5.61) million. The mode is seen to be nearly critically-coupled to the
waveguide. The scan laser wavelength is calibrated using a wavemeter, and the red curve is a
fit to a Fano lineshape. The asymmetry of the resonance shape is attributed to interference
with back-reflection of the vertical couplers.

the signal, idler, and pump modes, respectively) and the confinement

Pth =
ω0n

2

8ηn2c

V√
QL,sQL,iQL,p

(2.2)

where n is the modal refractive index, V is the mode volume, and η = QL,p/Qc,p where Qc,p

accounts for coupling from the pump mode to the waveguide [109]. In this demonstration,

we use the TE00 mode of a 55 µm diameter ring resonator with the same cross-section as

before. Although the dispersion is normal for the fundamental TE mode, pumping at an

avoided mode crossing allows us to achieve frequency matching [210] and to generate OPO,

while benefiting from the higher quality factors of the fundamental mode. By optimizing

the pump power such that the OPO threshold is reached exactly on resonance, we measure a

threshold of 8.5± 0.5 mW. Using the simulated mode volume and measured quality factors,

we extract a nonlinear refractive index for 4H-SiC of n2 = 6.9 ± 1.1 × 10−15 cm2/W at

1550 nm, consistent with previous studies [223, 108].
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2.5.3 Low-power OPO and soliton generation in SiC

Here, we describe the first demonstration of a soliton microcomb in a 4H-silicon carbide

(SiC) microresonator.

The efficiency of the Kerr nonlinear interaction improves with higher quality factors of

the optical resonator. For example, the threshold relation for optical parametric oscillation

in a microresonator can be expressed in the following form:

Pth =
πnω0Aeff

4η n2

1

D1Q2

where Q denotes the total Q factor (intrinsic loss and loading included) with pump mode

frequency ω0, Aeff is the effective mode area, η is the cavity-waveguide coupling strength, and

D1 is the free-spectral range (FSR) in units of rad/s. Zero detuning of the laser frequency

with respect to the pump mode frequency is assumed. The parametric oscillation threshold

is inversely proportional to the square of the Q factor. Fig. 2.7 shows a sub-milliwatt

(approximately 510 µW) parametric oscillation threshold of a SiC optical resonator featuring

an intrinsic Q factor of 5.6 million with a 350 GHz FSR.

Coherently pumped solitons in optical microresonators form as a result of the balance

of the Kerr nonlinear shift and the cavity dispersion, as well as the parametric gain and

the cavity loss. The soliton-forming mode family (in particular for bright solitons) in a

microresonator must feature anomalous dispersion and minimal distortion of the dispersion

(e.g., minimal avoided-mode-crossings). The power requirement for soliton operation is

inversely proportional to the total Q factor of the mode family[216].

Material Q0 (M) FSR (GHz) Soliton (OPO) Power (mW) Ref

Si3N4 260 5 ∼ 20 [80]

Si3N4 8 194 1.3 (1.1) [181]

Si3N4 15 99 6.2 (1.7) [103]

SiO2/Si3N4 120 15 28 (5) [212]

LiNbO3 2.4 199.7 5.2 [71]

AlGaAs 1.5 450 1.77 (0.07) [31]

SiC 5.6 350 2.3 (0.51) This work

Table 2.2: Comparison of integrated soliton device performance
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Figure 2.8: SiC soliton microcomb (a) The optical spectrum of a single soliton state
with 2.3 milliwatts operation power. (b) RF spectrum (resolution bandwidth = 100 kHz) of
the entire soliton comb confirms a low-noise state, compared to the non-locked modulation
instability (MI) state. (c) Measured frequency dispersion belonging to the soliton forming
mode family (TE00) is plotted versus the relative mode number. The red curve is a fit using
D1/2π = 358.663 GHz and D2/2π = 8 MHz. Simulation of the soliton mode families is
plotted (green curve), and the simulation fairly agrees with the measurement results. (d)
Upper panel presents pump power transmission versus tuning across a resonance used for
the soliton formation. Lower panel shows comb power trace in which the pump laser scans
over the resonance from the short wavelength (blue detuned) to the long wavelength (red
detuned). The shaded region (orange) depicts the spectral region where the single soliton
exists.

We demonstrate the generation of a dissipative soliton microcomb in a SiC microres-

onator. The experiment is performed at cryogenic temperatures (5 K) in order to reduce

the thermo-optic effects and to increase the stability of the system (high stability was needed

to perform long-acquisition quantum correlations experiments with the soliton state [66]).

Figure 2.8a shows the spectrum measured for a single-soliton state, and the soliton spec-

tral shape follows the square of a hyperbolic secant function. Small spurs in the spectrum

correlate with the avoided-mode-crossings in the mode dispersion spectrum (Fig. 2.8c), and

the RF spectrum of the single-soliton state confirms that it is a low-noise state (Fig. 2.8b).

While tuning the laser through the resonance mode, the pump power transmission as well

as the comb power (Fig. 2.8d) show a step transition from modulation instability (MI) and

a chaotic comb state to a stable soliton comb state. The high Q SiC resonator enables a low
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Figure 2.9: Timeline of the first decade of SiC photonics. The first demonstration
of a SiC photonic device using the Smart Cut approach with 6H-SiC [176]. Soon after,
suspended resonators in 3C-SiC-on-Si were demonstrated [29]. Strong intrinsic absorp-
tion of low quality Smart Cut and heteroepitaxial 3C films was hypothesized to limit the
achievable Q-factors. Using thicker 3C-SiC epilayers or thinning down bulk-crystal 4H-SiC,
enabled record Q factors in 3C-SiC [56, 57], ultra-high Q PhCs [174], and low-loss 4H-SiC-
on-Insulator waveguides [110]. Devices with Q factors exceeding 106 were shown, enabling
the demonstration of optical parametric oscillation and microcomb formation [67]. Repro-
duced from [176, 29, 57, 174, 110, 67]

operation power of the soliton microcomb of 2.3 mW: Table 2.2 compares operation powers

of various chip-scale soliton devices.

2.6 Summary and outlook for SiC photonics

Since the first demonstration of a SiC photonics device by by Song et al. over a decade

ago [176], many approaches have been investigated in an effort to harness the potential

of SiC as a high-performance photonics material. Figure 2.9 highlights the advances SiC

photonics has seen in the first decade of its development. The Q-factor metric continues to

be improved, with the recent demonstration of Q-factors exceeding 6 million [198]. Recent

highlights in SiC photonics include octave-spanning microcombs [26], third- and fourth-

harmonic generation in whispering-gallery resonators [198], and the demonstration of an

electro-optic modulator [58, 147].
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Figure 2.10: SiC photonics demonstrations: Q-factor metric over the years. Each
reference is categorized by the SiC polytype (4H, 6H, or 3C); type of resonator (WGM -
whispering gallery mode resonator, PhC - photonic crystal cavity, wg - waveguide, or ring
resonator); and whether the resonator is coupled to color centers (quantum), or not (classi-
cal). Circled in black are the demonstrations presented in this dissertation. The following
references are presented in the chart: Song 2011 [176]; Cardenas 2013 [29]; Radulaski 2013
[148]; Yamada 2014 [211]; Lu 2014 [107]; Cardenas 2015 [28]; Clausine 2016 [27]; Bracher
2017 [21]; Song 2018 [175]; Fan 2018 [56]; Zheng 2020 [223]; Song 2019 [174]; Lukin 2019
[110]; Crook 2020 [38]; Powell 2020 [147], Fan 2020 [57]; Guidry 2020 [67]; Wang 2021 [198];
Guidry 2022 [66]; Cai 2022 [26]; Lukin 2022 [113].
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Figure 2.11: Wafer-scale SiC-on-Insulator using photoelectrochemical etching.

So far, only the 4H-SiC grinding and polishing method has attained low-loss photonics

with Q-factors exceeding approx. 0.5 million, suggesting that pristine quality homoepitaxy

may be necessary for attaining the highest performance photonics. This raises the question

of the long-term scalability of this platform, since this approach cannot produce highly

uniform SiC films for full wafer-scale processing (namely, where variation of less than a few

percent across the whole wafer is desired.

Fortunately, a pathway to wafer-scale thin films of pristine SiC does exist. Specifically,

we propose a modified grinding and polishing process that takes advantage of the photo-

electrochemical etching technique developed for 4H-SiC [118]. The outline of this method

is presented in Fig. 2.11. Instead of grinding and polishing an intrinsically-doped wafer to

the target thickness, an n-doped wafer with i-SiC homoepitaxial layer is used as a starting

point. At the grinding step, a few microns of the sacrificial n-SiC layer is kept, which is then

selectively removed via phoeoelectrochemical etching, leaving the i-SiC-on-insulator layer.

Polishing can then be performed to reduce the surface roughness intrinsic to the photoelec-

trochemical etching process. With this pathway to wafer-scalability, and considering the

continued industrial investment into SiC growth and processing technology for electronics

applications, it is conceivable that SiC-on-insulator photonics will, eventually, pass the stage

of academic research and development and be deployed into CMOS photonics foundries.



Chapter 3

SiC quantum photonics

It is in the quantum context that the material quality of SiC thin films falls under the

highest scrutiny: the coherence properties of color centers are highly sensitive even to low

densities of unwanted defects. Indeed, in the first demonstration of SiC color centers coupled

to a nanophotonic resonator — using PhCs fabricated in 3C-SiC-on-Si — the color center

optical coherence was shown to be severely degraded by the crystal growth defects arising

from the lattice mismatch between Si and SiC [27]. Similarly, color centers with good optical

coherence have not been observed in Smart-Cut SiCOI, a consequence of the lattice damage

induced by Smart-Cut ion-implantation: The dose required in the Smart-Cut process (1016−

1017 ions/cm2) exceeds the dose used to generate spatially-resolvable single defects by four

orders of magnitude.

This chapter describes the integration of optically-coherent color centers into SiC-on-

Insulator photonics. First, single color centers are isolated in non-quantum-grade silicon

carbide thin films, and Purcell enhancement of single emitters in demonstrated. Then,

apply integrated photonics techniques to high quality homoepitaxially-grown SiC that has

been shown to host optically-coherent VSi color centers [11, 131]. We observe that the VSi

remain spectrally stable inside nanostructures, which enables us to show photon interfer-

ence between two cavity-integrated emitters, constituting a key step towards SiC quantum

networks based on remote color centers.

35
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3.1 Isolated defects in SiC-on-Insulator

After the fabrication of SiC-on-Insulator from high-purity-semi-insulating (HPSI) SiC wafers

(as illustrated earlier in Fig. 3.5), we investigate the properties of the intrinsic color centers

in the material. First, we fabricate micropillars via reactive ion etching to improve the

photon collection efficiency[149]. Using spatially-resolved photoluminescence spectroscopy

we observe single color centers in 4H-SiCOI (Fig. 3.1a), which has not been possible before

in thin-film SiC due to compromised crystal quality. The inset of Fig. 3.1a shows a scanning

electron micrograph (SEM) of a micropillar, and a typical spectrum of single V1 (h lattice

site) and V2 (k lattice site) silicon vacancies (VSi)[131, 11, 47, 45]. The measurements

are performed at a temperature of 5 K in a closed-cycle cryostat (Montana Instruments),

with above-resonant excitation at 740 nm. The color center spectra show weak emission

into the phonon sideband and minimal background noise, as reported in bulk 4H-SiC[131,

11]. By recording the fraction of micropillars that contain an emitter and estimating the

micropillar volume, we arrive at an optically active defect density of 0.1 VSi µm−3. In initial

experiments we observed that 4H-SiC is susceptible to a strong background noise at the SiC-

SiO2 fusion bond, as well as at interfaces between SiC and the plasma-enhanced chemical

vapour deposited (PECVD) oxide cladding layer. This noise overwhelmed the emission

from color centers and would likely render the platform unusable for quantum applications.

However, we found that a 20 nm thermal oxide layer grown on SiC (dry oxidation for 1 hour

at 1000 deg C ) prior to bonding or PECVD deposition fully eliminates this undesirable PL,

acting as a buffer against optically active formations at the SiC interface. We thus achieve

the same low-background noise observed in high-purity homoepitaxial bulk crystal.[149]

3.2 Purcell enhancement of single color centers

As motivated in the Introduction, a critical requirement for multi-qubit spin-based optical

quantum information processing is the ability to engineer high-fidelity interactions between

a single quantum emitter and light. This can be achieved by placing a quantum emitter

into a photonic resonator, thereby enhancing its interaction with light. The enhancement

of the dipole-photon interaction in a resonator is quantified by the Purcell factor F :
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Figure 3.1: Photoluminescence spectra of color centers in pillars fabricated in 4H-
SiCOI; h-VSi (V1’/V1) and k-VSi (V2) show narrow linewidths and low-intensity phonon
sidebands. Insets: Scanning electron micrograph (SEM) of micropillars and corresponding
material stack.

F =
3

4π2

(
λ

n

)3
Q

V
,

where λ is the emission wavelength, n is the refractive index, where Q is the quality factor

and V is the cavity mode volume. Notably, F scales as Q/V . So, although whispering

gallery mode resonators (such as microring resonators) typically have the highest Q among

other nanophotonic devices, the microring V is also large (∼ 102 (λ/n)
3
, where λ is the

wavelength in vacuum and n is the refractive index of the material). Although coupling

of 4H-SiC color center ensembles to nanophotonic resonators has been shown,[21] coupling

of single color centers had not been demonstrated prior to our work. To maximize Purcell

enhancement, we design photonic crystal (PhC) nanobeam cavities with a well-localised TE

mode and simulated mode volume V = 0.46 (λ/n)
3
. The fabrication of the cavities proceeds

as follows: Starting with 4H-SiCOI where SiC thickness is 150 nm, and the buried SiO2

thickness of 130 nm, we define the PhC nanobeam pattern via electron beam lithography

(JEOL 6300-FS) in HSQ resist (FOx-16, Dow Corning Corp.). The pattern is transferred

into SiC via SF6/O2 plasma. Devices are suspended via a two-step undercut process: the
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Figure 3.2: Light-matter interaction of a single color center with a nanophotonic
resonator. a SEM of a suspended nanobeam array and close-up image of the devices from
above. b Stacked spectra while tuning a nanobeam photonic crystal cavity resonance via
gas condensation through the V1’. Individual color centers are indicated via 1-4. Inset:
While tuning the cavity resonance through V1, we observe minimal enhancement of V1,
which confirms that the dipole moment of the transition is orthogonal to the TE mode of
the cavity. c Lifetime measurements with the cavity on- and off-resonance. Fitted lifetimes
are τoff = 6.66 ns and τon = 2.45 ns. d Spectra extracted from b with the cavity off-
and on-resonance with V1’. e Second-order correlation measurement with the cavity on-
resonance with the V1’ transition of a single emitter, revealing g(2)(0) = 0.08.

buried oxide layer and the resist are etched in a vapour HF etch, followed by a XeF2 gas etch

that etches Si, suspending the photonic crystal cavity over 5 µm above the substrate. In our

experiments, we measure a maximum cavity Q factor of 19, 300 corresponding to a Q/V ratio

of over three times higher than for previous approaches in crystalline SiC[21, 175, 118, 106].

There remains room for further improvement in Q/V performance, such as via the use

of heterostructure photonic crystal cavities demonstrated in SiC [174] that have a higher

Q/V and feature a design that may offer advantages over nanobeam PhC for color center

integration.

Since the residual density of VSi in the nanobeam cavities is ≪ 1 per cavity volume, we
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introduce them post-fabrication via flood implantation of H+ with energy of 10 keV (Cut-

tingEdge Ions Inc.) to generate peak defect density at a depth of 75 nm, corresponding to

the cavity mode maximum. The optimal fluence of 2.3 · 1010/cm2 was estimated by assum-

ing energy-independent ratio between simulated[227] and measured[91] conversion efficiency.

No post-implantation annealing was done. Based on the reported polarisation of the opti-

cal transitions,[47, 11, 131] the primarily in-plane polarised resonator mode is predicted to

couple maximally to the V1’ transition and minimally to the V1 and V2 transitions. For

our measurements, we select a PhC cavity with a Q factor of 14, 900 that is blue-shifted

from the V1’ transition. Via Argon gas condensation, we tune the cavity resonance at a

rate of 15 GHz/minute while continuously acquiring PL spectra, with excitation (740 nm

wavelength) and detection aligned spatially to the center of the cavity. The zero-phonon

lines (ZPLs) of individual VSi become selectively Purcell-enhanced while on resonance with

the cavity (individual emitters are labeled 1-4 in Fig. 3.2b). For further characterization

of the coupled emitter-cavity system, we stabilized the cavity on resonance with emitter

2, which has the best spatial overlap with the cavity mode and thus the strongest cavity

coupling. We excite the emitter with a 740 nm picosecond pulsed laser and observe that the

6.66 ns off-resonant optical lifetime is reduced to 2.45 ns when the cavity is on resonance

(Fig. 3.2c). The luminescence intensity of the emitter, in turn, is enhanced by a factor of

120± 10 (Fig. 3.2d) compared to off-resonant emission. The complex level structure of V1’

and V1, with many unknown decay rates, does not allow the extraction of the Purcell factor

(F ) from the lifetime reduction. A simulation of the cavity fields on- and off-resonance

(as shown below) suggests that the intensity enhancement is not due to a change in cavity

collection efficiency. Thus, although the lower bound on the Purcell factor from the known

decay rates of VSi is Fmin = 9, the actual Purcell enhancement is likely much higher. We

verify that the cavity is indeed enhancing a single emitter by measuring the two-photon

autocorrelation, g(2)(τ), shown in Fig. 3.2e, and observing strong anti-bunching at zero

time delay. A fit to the data using an effective three-level model (described below) reveals

g(2)(0) = 0.08, confirming single-emitter enhancement.
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Figure 3.3: Level diagram of the VSi, showing the decay channels of the V1 and V2 transi-
tions. Detailed theoretical analysis of the levels is presented in [45]

3.2.1 VSi level structure and Purcell factor analysis

To measure the Purcell enhancement of V1’, we observe the reduction of the emitter lifetime

while on resonance with the cavity. The resulting lifetime reduction (Fig. 3d in main text)

is measured to be τoff/τon = 2.7. The Purcell enhancement of the optical transition rate

γZPL is given by[59]

F = (τoff/τon − 1)/ξ,

where ξ is the branching ratio in bulk crystal,

ξ = γZPL/(γZPL + γPSB + γtherm + γISC).

γtherm is the thermalization decay rate from V1’ to V1 at the low-temperature limit, γPSB is

the decay rate into the phonon-sideband, and γISC is the sum of the decay rates from V1’ to

the d1-d9 manifolds (Fig. 3.3). The upper bound for the ratio γZPL/(γZPL + γPSB) < 0.19

has been previously reported,[132] however, this value is difficult to estimate due to the

thermalization of V1’ transition into V1, and is possibly much lower. Disregarding γtherm

and γISC would give an absolute lower bound on the Purcell factor of F > 9. Although

the magnitudes of γtherm and γISC are not known, it was shown that γZPL ≪ γtherm ,[131]

owing to the low visibility of the V1’ transition at 4K, such that F ≫ 9. Simulations
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Figure 3.4: A plot of |E(kx, ky)|2 (Normalized such that
∫
|E(kx, ky)|2dxdy = 1), where

E(kx, ky) is the Fourier transform of the electric field just above the nanobeam cavity a
off-resonance and b on-resonance. The light line (k2x + k2y = ω2/c2) is represented as a
dashed line. These simulations indicate that while on-resonance, most of the field above
the cavity lies outside of the light cone and thus does not contribute to the power collected
by the objective. While off-resonance, the relative amount of power inside the light cone is
higher, resulting in a larger collection efficiency. c The collection efficiency for a lens with
an NA of 0.9 as a function of dipole-cavity detuning.

of cavity collection efficiency on- and off-resonance suggest that on-resonance collection is

suppressed, as shown in Figure 3.4; However, since the theoretical Q factor greatly exceeds

the experimental Q factor, losses are dominated by scattering and thus are not expected

to result in significant modification of collection efficiency on resonance. This suggests that

the intensity enhancement is primarily due to Purcell modification of the branching ratio.

Additional experimental and theoretical studies of the transition rates of the VSi would be

needed to verify the Purcell enhancement value against lifetime reduction.

3.2.2 Numerical fit for g(2)(τ)

As described in detail elsewhere[45], the level structure of VSi is complex, and most transition

rates of the upper excited state manifold are not yet known. Thus, to perform the g(2)(τ) fit,

we use a simplified three-level model,[63] which we expect to reproduce well the features of

the two-photon correlation function, owing to the lifetime of the lower meta-stable manifold

greatly exceeding all other lifetimes. Below, we derive the functional form of g(2)(τ) for a

pulsed laser drive to perform a fit to our measurement.

The one-photon probability density is proportional to the population of the excited state,

pe(t), and g
(2)(τ) is proportional to the probability density of two emissions separated by
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time τ :

g(2)(τ) ∝
∫ ∞

−∞
dt pe(t)pe(t+ τ).

In our limit of low photon detection rate, the probability of first emission at time t is obtained

from the steady-state (unconditioned) excited state population (in the pulsed regime, by

“steady state” we mean pe is periodic with laser drive). The second emission is conditioned

on the first; the population dynamics of pe(t+ τ) are governed by the boundary condition,

pg(t) = 1, and the rate equations are:

d

dt
pe = −(γr + γ

ISC
)pe +

∞∑
n=−∞

fpgδ(t− n∆t)

d

dt
p
MS

= γ
ISC

pe − γ
MS
p
MS
,

where pg (p
MS

) is the population of the ground (metastable) state; γr , γISC , γMS
are the

decay rates e → g, e → MS, and MS → g, respectively; and f is the probability of excitation

pg → pe by a single pulse. Solving the piecewise continuous ODE system of equations yields

an expression for g(2)(τ) which is then fit numerically to the data.

3.3 Optically-coherent color centers in thin-film pho-

tonics

The demonstration of Purcell enhancement described in the section above confirms that

the SiC-on-Insulator material platform is of sufficient quality to host single emitters, but

does not investigate the optical coherence of the color centers, whose spectral stability often

degrades after processing or near surfaces [152, 155]. In this section, we demonstrate the in-

tegration of optically-coherent non-inversion-symmetric color centers into scalable thin-film

SiC nanophotonics. We demonstrate cavity cooperativity of a single VSi color center of up

to 0.8, allowing for the observation of dipole-induced transparency[195] in SiC. We achieve

a photon detection rate of up to 0.4 MHz from a single defect into the zero-phonon-line

(ZPL), limited by the population shelving in the metastable state. We use this platform to
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Figure 3.5: Device fabrication process flow. Colors correspond to materials as follows.
Blue: SiC substrate. Light blue: SiC epitaxy. Grey: Si substrate. Orange: HSQ. Green:
hardmask. Yellow: photoresist.

demonstrate superradiant emission of two SiC color centers, and highlight the unique appli-

cations of the two-emitter whispering-gallery-mode (WGM) resonator system for quantum

information processing architectures. This challenges the notion that inversion symmetry is

a prerequisite for nanophotonic integration of optically-coherent spin defects, and bridges

the classical-quantum photonics gap by uniting color centers with CMOS compatible, wafer-

scalable, state-of-the-art photonics[174, 67, 66].

3.3.1 Device fabrication

Due to the dipole orientation of the linearly-polarized transitions in VSi along the c-axis of

the crystal, corresponding to the out-of-plane direction, we use a whispering gallery mode

resonator (hosting high Q TMmodes) for coupling to the VSi. The device fabrication process

is summarized in Fig. 3.5, and proceeds similarly to the methodology described in Chapter

2, with the key difference being a higher quality of starting material. First, a 20 µm n-doped

(nitrogen concentration 2 · 1013 cm-3) SiC epilayer is grown by chemical vapour deposition

on a n-type (0001) 4H-SiC substrate. Then, the SiC is irradiated with 2 MeV electrons with

a fluence of 1 · 1013 cm-2 to generate VSi defects. The SiC is bonded to a Si substrate via
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an HSQ flowable oxide layer (FOx-16, Dow Corning) and annealed at 550 ◦C for 2 hours

to strengthen the bond and activate VSi defects. The SiC is then thinned via grinding,

polishing, and reactive-ion etching (RIE) [110] to 450-620 nm. A 50 nm protective layer

of HSQ is spun, followed by e-beam evaporation of the etch hard mask layer (5 nm Ti /

155 nm Al / 5 nm Ti). The device geometry is patterned via e-beam lithography (JEOL

6300-FS) in ZEP520A resist (Zeon Corp), and transferred into the Al hardmask layer via

chlorine-based RIE. The SiC layer is etched using SF6 in a capacitively-coupled plasma

etcher (Oxford Plasmalab 100) at an etch rate of 45 nm/min, with gas flow rate of 50 sccm,

pressure of 7 mTorr, etch power of 100 W, and substrate temperature maintained at 20 ◦C.

For best quality of the waveguide facet used for in- and out-coupling, it is defined as part

of the lithography and RIE etching together with the rest of the geometry, to avoid rough

facets that can result from dicing a waveguide. After the SiC etch, the Al hardmask is then

removed via a wet etch in Aluminum Etchant Type A. The final steps of the fabrication

achieve an undercut device diced in close proximity to the waveguide facet. This is done

as follows: First, an approximately 50 µm wide and 10 µm deep Si trench is created 15 µm

from the waveguide ends using photoresist mask and XeF2 isotropic Si etch. Then, the

chip is diced along the trench, while the photoresist provides protection to the device layer.

Finally, the photoresist is removed, and the device layer is uniformly undercut via wet HF

etch and XeF2 gas etch, to suspend the resonator and waveguide.

3.3.2 Experimental setup

The experimental setup is shown schematically in Fig. 3.6(a). The sample is mounted in

a closed-cycle cryostat at 5 K with the cryo-optic module (Montana Instruments) where

an objective with an NA of 0.9 is mounted inside the vacuum chamber. The sample is

mounted on a three-axis piezo positioner stack (Attocube) so that the waveguide facets

point up toward the objective (optical images shown in Fig. 3.6(b-d)). The optical paths

coupling to the two waveguide ends are spatially separated into separate fiber couplers. We

observe a total coupling efficiency from the waveguide to the single-mode fiber of up to 24%,

which includes all setup losses. Dichroic mirrors allow for simultaneous collection of ZPL

and PSB emission [15]. For continuous-wave above-resonant excitation (such as to measure



CHAPTER 3. SIC QUANTUM PHOTONICS 45

Figure 3.6: Experimental setup. (a) Diagram of optical paths, laser sources, and de-
tectors. (b) Optical microscope image of a row of disk resonators (three resonators are
visible), taken using a commercial optical microscope. (c) Optical image of a single device
under illumination as seen through the cryostat objective. (d) Optical image of the device
without illumination and laser light coupling into the left waveguide facet, passing through
the waveguide and emitting from the right waveguide facet.

two-photon interference) and for VSi charge control, a continuous-wave Ti:Sapphire laser

is used, with wavelength tuned to couple to a resonator mode around 740 nm for uniform

excitation of the resonator mode volume. During the gas-tuning phase, a femtosecond

pulsed Ti:Sapphire laser is used to achieve multi-mode excitation of the microresonator

that does not vary with resonance shifting due to gas deposition. For resonant excitation,

a continuous-wave Ti:Sapphire laser is used for PLE and DIT measurements, whereas a

picosecond pulsed Ti:Sapphire laser is used for on-resonance lifetime reduction and single-

photon interference measurements. The picosecond laser outputs 5-15 ps FWHM pulses,

which are sent to a pulse-shaper to produce 150 ps pulses that are bandwidth matched to

the microresonator optical mode that the VSi are coupled to. Photons are detected using

superconducting nanowire single photon detectors (SNSPDs), produced by PhotonSpot Inc.,

and photon correlations are processed with the TimeTagger Ultra (Swabian Instruments).
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A limitation of the current experimental configuration, where the sample is mounted on the

side to collect photon emission from the waveguide end, is the lack of optical access to the

top of the resonator, precluding individual excitation of the emitters with free-space beams.

3.3.3 Purcell enhancement of coherent VSi emitters

In order to observe Purcell enhancement, the microresonator modes are tuned spectrally via

argon gas condensation. A pulsed femtosecond laser centered at 740 nm is used to uniformly

excite the emitters in the disk: it couples to all resonator modes simultaneously, owing to

its broad spectrum. As the microresonator is gas-tuned, an enhancement of emission at

the VSi ZPL wavelength of 916.5 nm (as observed via a spectrometer) indicates Purcell

enhancement of one or more VSi.

A representative gas-tuning spectrum upon above-resonant excitation with an 80 MHz

fs laser, without narrowband spectral filtering of emission is shown in Fig. 3.7. The high

background photon rate arises because the entire volume of the disk resonator has to be

excited in order to excite the two emitters, due to the lack of free-space optical access to

the disk. Selective excitation of emitters from above via free-space optical beams would

drastically reduce background fluorescence. The background-subtracted ZPL detection rate

at saturation is 0.8 MHz. As investigated below, two emitters are present in this device, so

this photon detection rate corresponds to a single-emitter ZPL detection rate of 0.4 MHz

in the case of equal coupling, and higher in reality due to unequal cavity-coupling rates (as

shown below).

With a resonator mode parked at the Purcell enhancement condition, we measure the

absorption lines of the coupled emitters via photoluminescence excitation (PLE), where a

weak (0.5 pW in the waveguide) continuous-wave resonant laser is scanned across the ZPL

while detecting the phonon sideband (PSB) of the emitters. A PLE scan shows that in

this device, two emitters are coupled to the cavity (Fig. 3.8b), henceforth labeled emitters

A and B. The VSi is known to feature two spin-preserving optical transitions, A1 and A2,

split by 1 GHz [11]. We perform experiments with a weak off-axis external magnetic field

that mixes the ground-state spins and eliminates resonant-laser-induced spin-polarization.

We focus our study on the A2 transition of each emitter, which is brighter due to its higher
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Figure 3.7: Gas tuning and saturation of photon detection rate. Photon detec-
tion rate in a 20 nm spectral window (910-930 nm) around the VSi ZPL during continuous
red-tuning of the microdisk resonance wavelength via gas condensation. The Purcell en-
hancement condition is observed as a sharp peak in time. Smaller peaks correspond to
weaker coupling to other detuned emitters. Excitation is performed with a 730 nm, 80 MHz
repetition rate femtosecond laser (0.79 mW power measured before the objective). Inset
shows background-subtracted peak ZPL photon detection rate for varying laser power.

quantum efficiency[11]. We optimize the magnetic field orientation to reduce the relative

intensity of the A1 transition upon resonant driving through coherent population trapping

of the spin- 32 sublevels. Through the absence of a cavity transmission dip, we conclude

that the resonator mode is strongly undercoupled to the waveguide. To observe the cavity

lineshape, we measure the cavity photoluminescence noise by scanning across the resonance

with higher laser power (1.5 µW in the waveguide) and extract a loaded quality factor of

1.3 · 105 (Fig. 3.8b).

The emitter-cavity coupling rate is a key metric for cavity quantum electrodynamics

systems. We determine coupling strength of each emitter to the cavity by measuring the

emitter lifetime reduction on resonance (Purcell enhancement). First, we selectively ionize

one emitter into the dark state via strong resonant excitation, and tune the cavity on-

resonance with the remaining bright emitter. We then excite the emitter with 150 ps

resonant pulses (obtained via pulse-shaping a mode-locked Ti:Sapphire laser) through the

cavity mode and detect the transient ZPL emission using temporal filtering. As shown in

Fig. 3.8(c), the on-resonance lifetime for emitter A (B) is measured to be 4.2 ns (3.5 ns),
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Figure 3.8: Spectrally-stable VSi emitters in integrated 4H-SiCOI photonics. (a)
Scanning electron micrograph of the device. A waveguide, which wraps around the disk
(seen in the optical microscope image, inset), is coupled to the resonator. A microscope
objective is used to couple light to and from the flat facets of the waveguide. (b) A cavity
photoluminescence spectrum (emitter PLE spectrum) in black (green), taken with a scan-
ning resonant laser with 1.5 µW (0.5 pW) of power in the waveguide. We extract a loaded
cavity quality factor of Q = 1.3 · 105. The prominent peaks at 2.7 and 4.5 GHz detuning
are the A2 transitions of the two emitters. The corresponding A1 transitions are labelled
with arrows. In this figure and the rest of this chapter, the laser detuning is relative to
327.113 THz (916.5 nm). (c) Lifetime measurements for emitter A (blue) and emitter B
(red) on- and off-resonance with the cavity. The gray region represents the excitation pulse.
(d) A 1-hour PLE scan of each emitter (while the other is selectively ionized into the dark
state), with the cavity positioned on-resonance with the emitter.

which corresponds to a lifetime reduction of 2.7 (3.2) from the bulk lifetime of 11.3 ns [101].

The Purcell factor of the emitter-cavity system is defined as the ratio of the rate of emission

into the cavity to the unmodified ZPL decay rate. Using the radiative lifetime of the A2

transition of 15.9 ns, [101] and DWF of 8.5%[191, 165] from the literature, we conclude

that the unmodified ZPL rate of the A2 transition is 1/186.5 ns−1. From the non-radiative

rate from the A2 transition of 40 ns−1, we obtain the on-resonance cavity emission rate for

emitter A (B) of 1/5.1 ns−1 (1/6.7 ns−1). From this, we obtain Purcell enhancement of

28 and 37 for emitter A and B, respectively. From the simulated mode volume of 128(λn )
3
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Figure 3.9: Emitter linewidths on- and off-resonance with the cavity. (a) A contin-
uous PLE scan of the two emitters with the cavity far-detuned. (b) A histogram of fitted
single-scan linewidths. Indicated in the figure is the mean fitted linewidth and its standard
error. (c) Histogram of time-averaged scans for PLE data presented in Fig. 1(d) of the main
text, showing spectral broadening caused by lifetime reduction of the optical transition.
Emitter B transition is broader due to the stronger Purcell enhancement.

for the fundamental TM00 mode, we find the theoretical maximum Purcell enhancement

of 77 in this device. The observed Purcell enhancement is comparable to that achieved

in the first integrations of the diamond silicon vacancy[170, 221] and tin vacancy[156, 95]

into photonic crystal nanobeam cavities, despite the much stronger mode confinement of

those devices. We attribute this to the optimal dipole overlap of the VSi with the cavity

TM mode and the less stringent emitter positioning requirements of the microdisks. Via

resonant pulsed excitation with 1 ns long pulses (generated from a continuous-wave laser

using electro-optic amplitude modulation) and detection of the PSB emission with the cavity

detuned by −80 GHz, we measure the off-resonant lifetime of emitter A (B) to be 10.7 ns

(11.1 ns). The minor discrepancy between the off-resonant lifetimes and the bulk lifetime

(11.3 ns) is attributed to the coupling of the emitters to other modes of the microdisk.

Although Purcell enhancement has been observed in several color center platforms[38, 21,

170, 221, 156], including thin-film diamond[60] and SiC[110], to date cavity-coupled color

centers that retain their optical coherence have only been demonstrated in bulk-carved
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Figure 3.10: Dipole induced transparency (DIT) in SiC. (a) A wide laser scan across
the cavity resonance, showing the transmission spectrum through the device (black). The
VSi phonon sideband emission is simultaneously detected (green, multiplied by 50x). Exci-
tation of the resonator mode is performed through a scattering imperfection on the disk edge
and transmission through the waveguide is detected. (b) Close-up scan at the cavity center
for different emitter detunings. Orange and green traces are offset by +0.1 and +0.2 MHz,
respectively.

diamond[170, 52]. To quantify the optical coherence and the spectral stability of the VSi in

4H-SiCOI microdisks, we perform continuous PLE scans on each emitter while on- and off-

resonance with the cavity. The on-resonance PLE scans are shown in Fig. 3.8(d). Emitters

A and B were measured at different times, and the cavity has been centered on the measured

emitter before the start of each one-hour acquisition. Over the course of one hour, no emitter

ionization is observed, and spectral wandering is below 500 MHz. The average single-scan op-

tical transition linewidth for emitter A (B) is found to be 54.3(3) MHz (63.4(3) MHz), which

corresponds to 17 MHz (18 MHz) of spectral diffusion beyond the transform limit. Repeat-

ing the measurement off-resonance, we find the emitter A (B) linewidth to be 37.8(8) MHz

(38.5(8) MHz), which corresponds to 24 MHz of spectral diffusion beyond the transform

limit (Fig. 3.9). The reduced spectral diffusion on-resonance may be due to a decreased

rate of excitation of surface-related defects, because the well-confined TM cavity mode is

efficiently excited with low laser power. These results indicate excellent spectral stability of

the nanophotonics-integrated VSi.

3.3.4 Approaching cooperativity of unity in SiC

From the measured Purcell enhancement and off-resonant emitter linewidths, we can cal-

culate the emitter-cavity cooperativity, C, which is the ratio of the rate of the emitter
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interaction with the cavity and the total rate of other emission and decoherence processes

in the system. The regime C ≫ 1 enables cavity-assisted deterministic emitter-photon

interactions.

The cooperativity of the emitter-cavity system is given by

C =
4g2

κγ
≡ Γ

γ
(3.1)

where g is the single-photon Rabi frequency, κ is the cavity decay rate, γ is the total decay

rate of the emitter, and Γ is the rate of emission into the cavity. In Fig. 3.9, we measure

averaged off-resonant linewidths of γA/2π = 37.8 MHz and γB/2π = 38.6 MHz for the two

emitters. In Fig. 3.8, we measure the on-resonant optical transition lifetimes to be τA =

4.2 ns and τB = 3.5 ns. The lifetime of the A2 optical transition of the VSi in bulk crystal

is known to be τ0 = 11.3 ns[101]. We infer ΓA/2π = 23.8 MHz and ΓB/2π = 31.4 MHz

from the relation 1/τi = Γi + 1/τ0 and using Eq. 3.1 calculate cooperativities for the two

emitters of CA = 0.6 and CB = 0.8. Using the measured κ/2π = 2.8 GHz, we determine

gA/2π = 125 MHz and gB/2π = 150 MHz. This regime enables the observation of dipoled-

induced transparency (DIT)[195], where the VSi scatter photons from an input coherent

state. Because the device studied here is strongly under-coupled to the bus waveguide,

DIT is difficult to observe through waveguide transmission. We instead excite the disk

through a scattering point on its edge, and detect emission into the waveguide, thus in effect

performing the measurement in a drop-port configuration[195]. Scanning the continuous-

wave laser across the disk resonance, DIT dips for both emitters are clearly observed, shown

in Fig. 3.10. The slow spectral drift of the emitters allows us to measure DIT for different

relative detunings. Looking forward, spin initialization, targeted emitter placement, and

cavities with a larger Q/V metric [110, 174] will enable stronger transmission contrast in

DIT for the realization of spin-photon entanglement and spin-readout via the modification

of cavity reflectivity [52, 17].
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Figure 3.11: Superradiant emission of two VSi color centers. (a) Second-order corre-
lation of the photon emission along one waveguide direction displays bunching at zero time
delay, a signature of superradiance. Inset: zoom-in of the superradiance feature. (b) The
relative phase ϕ of the emitters impacts the cross-correlation photon statistics between the
opposite waveguide directions and can produce anti-bunched emission. The solid line in
a,b is the numerical fit based on a five-level model[101] of the VSi. (c) The level structure
representing the pair of two-level-system emitters decaying into degenerate clockwise (red
arrows) and counterclockwise (blue arrows) optical modes. The corresponding transition
rates are indicated next to the arrows, where Γ is the unmodified single-emitter decay rate
into a propagating mode. (d) Theoretically-predicted phase-dependent cross-correlation
between clockwise and counterclockwise modes for a pair of ideal two-level emitters.

3.4 Photon interference between two SiC color centers

Photon interference between two color centers, a prerequisite for the generation of re-

mote spin-spin entanglement, has been an outstanding challenge in silicon carbide. Here,

we demonstrate two-photon interference between two microdisk-integrated emitters, which

arises from their collective coupling to the same cavity mode. To observe photon inter-

ference in the continuous wave regime, an above-resonant laser is coupled to a resonator

mode around 730 nm to excite both emitters. We note that while above-resonant excita-

tion in bulk crystal has been used to obtain nearly transform-limited photon emission from

the VSi[129], we observe that in nanostructures it induces rapid spectral diffusion due to
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disturbance of the surface charge environment, broadening the optical linewidths to ap-

proximately 0.5 GHz. This spectral instability reduces the rate of superradiant emission

(however, optical coherence may be preserved using resonant excitation, as shown in the

following section). Fig. 3.11(a) shows the second-order auto-correlation g(2)(τ) of the color

centers’ collective emission in the Hanbury Brown and Twiss configuration, where emission

into the waveguide is split between two detectors via a beamsplitter. The sharp peak at

zero time delay is a signature of superradiant emission and the probabilistic generation of

entanglement between the two color centers. This feature has also been observed with up

to three waveguide-integrated quantum dots [83, 65] and a pair of waveguide-integrated

silicon vacancy centers in diamond[170, 117]. In contrast, for cross-correlations between

the two waveguide propagation directions, an anti-bunching interference dip is observed

(Fig. 3.11(b)). This feature is indicative of photon pairs preferentially leaving the resonator

in the same direction.

The experimentally-observed photon statistics are explained by the out-of-phase coupling

of the two emitters to a pair of degenerate clockwise and counterclockwise optical modes of

the resonator. The interaction Hamiltonian for this system can be written as

HI = gAσ
†
ASA + gBσ

†
BSB + h.c., (3.2)

where σA and σB are the lowering operators for emitters A and B, respectively, and gA

and gB are the emitter-cavity coupling strengths; each emitter couples to its own standing

wave supermode SA = (aCW + aCCW)/
√
2 and SB = (e−iϕaCW + eiϕaCCW)/

√
2, where

aCW (aCCW) is the clockwise (counterclockwise) resonator propagating mode, and phase ϕ

corresponds to the emitters’ azimuthal separation in the resonator. Consider two special

cases: (i) for ϕ = (0 mod π), SA = ±SB and the two emitters couple to the same standing

wave mode, resulting in a single-mode interaction[52]; (ii) for ϕ = (π/2 mod π), SA and

SB are orthogonal, and in the standing wave basis the emitters are de-coupled. However,

because the measurement is performed in the propagating mode basis {aCW, aCCW} (corre-

sponding to emission to the right and to the left, respectively), the pair of emitters exhibits

interference for all values of ϕ. For (ϕ mod π) ̸= 0, the cross-correlation between the two

waveguide propagation directions will reveal interference features unique to a multi-mode,
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Figure 3.12: Manipulating the single-photon emission of a pair of emitters. (a)
Weakly exciting the emitters with a resonant pulse (grey) through the CWmode will prepare
the system in the superposition (eiϕ |eg⟩+|ge⟩)/

√
2, which will result in asymmetric emission

rates. (b) By independently controlling the excitation phase of the two emitters positioned
such that ϕ = π/2, the microresonator incorporates the functionality of a single-photon
router. The phase of the free-space excitation pulse is represented by the color, where
green, grey, and orange correspond to π/2, 0, and −π/2, respectively.

multi-emitter system.

The collective emission behavior can be understood via a cascaded decay diagram shown

in Fig. 3.11(c). Starting with the two-emitter excited state |ee⟩, emission into the clock-

wise mode projects the emitters into the superposition state (eiϕ |eg⟩ + |ge⟩)/
√
2. From

this state, decay via clockwise emission proceeds with the superradiant rate 2Γ, where Γ

is the unmodified single-emitter decay rate into a propagating mode. In contrast, the rate

of counterclockwise emission is modified by cos2 ϕ, as follows from the transition amplitude

⟨gg| (eiϕσA + σB)(e
iϕ |eg⟩+ |ge⟩)/

√
2. When cos2 ϕ = 0, photons leave the resonator always

in the same direction, which corresponds to perfect antibunching in the cross-correlation.

For cos2 ϕ = ±1, the cross-correlation is identical to the autocorrelation on a single waveg-

uide direction. These cases are illustrated in Fig. 3.11(d). The correlation measurements

(Fig. 3.11(a,b)) are fit to a reduced five-level emitter model[101] with free parameters of

excitation power, ϕ, cavity detuning, and background noise. The presence of background

noise from the above-resonant excitation reduces the interference contrast.

Excitation of emitters via above-resonant optical fields increases spectral diffusion and is

compatible neither with spin-selective excitation nor optical coherent control. To overcome

this, we use resonant excitation to coherently manipulate the two-emitter superposition

in the single photon subspace, a regime which has enabled pioneering quantum network
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Figure 3.13: Chiral single-photon scattering from a pair of emitters in a WGM
resonator (a) The emitter pair is excited through the CW mode. Photons scattered into
the CW (red) and CCW (blue) mode are time-correlated to the excitation pulse, tracing
out the temporal shape of the emitted single-photon wavepacket. The solid red and blue
lines represent the simulated expectation values ⟨a†CWaCW⟩ and ⟨a†CCWaCCW⟩, respectively.
The asymmetric CW and CCW emission arises from non-trivial emitter phase difference,
inferred to be (0.34π mod π). The simulated case where ϕ = 0 is shown as a grey dotted
curve, in which case the emission is symmetric. (b) The PLE spectrum of the two emitters
shows frequency separation of 0.44 GHz, which is used as a fixed parameter in the simulation
of the wavepacket in (a). (c,d) Same as panels (a,b) but for emitter frequency separation
of 0.19 GHz, with inferred phase ϕ = (0.28π mod π).

experiments with NV centers in diamond [76, 145]. Consider exciting the two emitters

through the waveguide via fast resonant pulses in the clockwise direction (Fig. 3.12(a)).

In the bad-cavity regime (κ ≫ γ) and with resonator finesse F ≫ 1, if the two emitters

are initially in the ground state |gg⟩, a pulse instantaneously prepares the system into a

superposition state

|ψ⟩ = (1− Pe) |gg⟩+
√
Pe(1− Pe)(e

iϕ |eg⟩+ |ge⟩) + Pee
iϕ |ee⟩ , (3.3)

where Pe is the single-emitter excitation probability. In the weak excitation limit (Pe ≪ 1),

the probability of double-excitation is negligible, and the system is prepared in the su-

perposition (eiϕ |eg⟩ + |ge⟩)/
√
2 conditioned on the detection of a scattered photon. This
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corresponds to the preparation of the two-emitter system into the intermediate level of

the diagram in Fig. 3.11(c). The emission from this state will proceed superradiantly in

the clockwise direction independent of ϕ, but the back-scattering rate will be modified by

cos2 ϕ (Fig. 3.12(a)). For ϕ = π/2, complete directionality is achieved. This is analogous to

classical chiral scattering observed in WGM resonators coupled to a pair of dielectric[141]

and plasmonic[37] nanostructures. The ϕ = π/2 condition can be used to implement rout-

ing of single photons from an emitter pair (Fig. 3.12(b)) and, as shown in the following

section, enables efficient spin-spin entanglement protocols. We note that due to the cavity-

mediated coupling of emitters, collective scattering of input light is strengthened in the

high-cooperativity regime, whereas in a waveguide system high-cooperativity emitters will

act as individual strong scatterers.

The combination of preserved optical coherence and spectral stability enables the ex-

perimental realization of single-photon interference between two VSi emitters, shown in

Fig. 3.13. Because the emitters’ transitions are not degenerate, their relative phase will

precess at the rate equal to their frequency difference, which is observed as an oscillation

in the single-photon wavepacket. Notably, the phase difference in the oscillations of CW

and CCW emission originates from the relative emitter phase ϕ. As described below, the

non-unity contrast of the oscillations is due to the distribution of the spin population across

the bright spin- 12 and dark spin- 32 manifolds (corresponding to the optical transitions A2

and A1, respectively). The oscillations persist throughout the entire wavepacket, confirm-

ing nearly transform-limited photon emission, essential for interference-based entanglement

generation[76]. The smaller amplitude oscillation with a 1 ns period is due to incomplete

suppression of the A1 emission line of the VSi (Fig. 3.8(b)). The free parameters in the

numerical model are cavity detuning, ϕ, and the population of the spin- 12 manifold. From

the numerical fit, the spin population is inferred to be unpolarized, as expected in an off-axis

magnetic field. The relative emitter phase inferred from the data in Fig. 3.13(a) and 3.13(c)

is ϕ = (0.34π mod π) and ϕ = (0.28π mod π), respectively. We note that ϕ was observed

to drift in time, attributed to nonuniform deposition of water ice on the resonator as a

result of the asymmetric resonator undercut geometry. This explanation is consistent with

the observed slow systematic drift of emitter spectral separation by approximately 1 GHz
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per day due to strain from the ice.

The present study of the cavity quantum electrodynamics of a color center pair in a mi-

crodisk resonator suggests that despite a typically lower quality factor-to-mode volume ratio

(Q/V) than high-confinement photonic crystal cavities, WGM resonators may offer unique

capabilities and warrant further consideration for applications in chip-integrated quantum

information processing. As we show below, the two-emitter chiral scattering at the ϕ = π/2

condition enables efficient entanglement generation via single-photon interference. Through

integration with a color center that exhibits two orthogonal circularly polarized transitions

such as the divacancy in silicon carbide, the microdisk could be used to realize single-emitter

chiral light-matter interaction[163, 105]. Furthermore, the microdisk is a promising platform

for near-term many-body quantum optics demonstrations with solid state spins, as many

individually-addressable and spectrally-tunable emitters may be integrated into a single

resonator[111].

3.4.1 Two-emitter single photon interference modeling

The modeling of the single-photon temporal envelope shown in Fig. 3.13 is performed using

QuTiP based on a simplified three-level model, where the bright ground state spin- 12 man-

ifold is treated as one state, |↑⟩, coupled to one excited state, |e⟩. This is an appropriate

approximation because all optical transitions within the spin- 12 manifold are near-degenerate

and so the fine structure does not impact the photon emission. Additionally, a third state

is introduced |↓⟩, which represents the dark spin population which is not excited by the

optical excitation pulse. This model thus includes the effect of the dark spin population on

the interference.

The first step is to calculate the two-emitter state upon the – assumed instantaneous

– weak coherent excitation. Before the application of a weak optical excitation pulse, the

two-emitter system is in a mixed state

ρ0 = (1− PB)
2 |↓↓⟩⟨↓↓|+ P 2

B |↑↑⟩⟨↑↑|+ PB(1− PB)(|↑↓⟩⟨↑↓|+ |↓↑⟩⟨↓↑|),

where PB is the population fraction of the bright state |↑⟩.
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The excitation with a weak optical pulse results in a mixture of four pure states

ρe = |ψ1⟩⟨ψ1|+ |ψ2⟩⟨ψ2|+ |ψ3⟩⟨ψ3|+ |ψ4⟩⟨ψ4| ,

where

ψ1 = (1− PB) |↓↓⟩

ψ2 = PB

(
eiϕPe |ee⟩+ (1− Pe) |↑↑⟩+

√
Pe(1− Pe)(e

iϕ |e ↑⟩+ |↑ e⟩)
)

ψ3 =
√
PB(1− PB)

(
eiϕ
√
Pe |e ↓⟩+

√
1− Pe |↑↓⟩

)
ψ4 =

√
PB(1− PB)

(√
Pe |↓ e⟩+

√
1− Pe |↓↑⟩

)
In the weak-excitation regime, (Pe → 0), double excitation |ee⟩ can be neglected. Fur-

thermore, all zero-excitation terms can be discarded, as they will be annihilated by the

photon detection superoperator J [|0⟩⟨1|] where J [A]B = ABA† . Then, the initial excited

state is simplified to:

ρe = P 2
BPe(1− Pe)(e

iϕ |e ↑⟩+ |↑ e⟩)(eiϕ ⟨e ↑|+ ⟨↑ e|) + PB(1− PB)Pe(|e ↓⟩⟨e ↓|+ |↓ e⟩⟨↓ e|)

With Pe ≪ 1, Pe ≈ Pe(1− Pe), and, disregarding normalization of the state:

ρe = P 2
B(e

iϕ |e ↑⟩+ |↑ e⟩)(eiϕ ⟨e ↑|+ ⟨↑ e|) + PB(1− PB)(|e ↓⟩⟨e ↓|+ |↓ e⟩⟨↓ e|)

The term P 2
B(e

iϕ |e ↑⟩ + |↑ e⟩)(eiϕ ⟨e ↑| + ⟨↑ e|) corresponds to the case of two emitters

interfering perfectly. The term PB(1 − PB)(|e ↓⟩⟨e ↓| + |↓ e⟩⟨↓ e|) corresponds to a solitary

excited emitter in the cavity, with the other emitter in the dark state, in which case no

interference takes place. The contribution of this term reduces the interference contrast,

and one can see that the contrast is minimized for the maximally mixed state (PB = 0.5).

With the initial condition ρ(0) = ρe, the system is evolved in time:

∂tρ = Lρ = −i[H, ρ] +
∑
L

D[L]ρ,
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where

H = (ω0+∆−δ/2)σ†
1σ1+(ω0+∆+δ/2)σ†

2σ2+ω0(a
†
CWaCW+a†CCWaCCW)+

[
g1S

†
1σ1+g2S

†
2σ2+h.c.

]
,

L ∈ {√γ1σ1,
√
γ2σ2,

√
κaCW,

√
κaCCW,

√
γd1

σ†
1σ1,

√
γd2

σ†
2σ2},

where γdi is the pure dephasing rate of emitter i; and

D[L]ρ = LρL† − 1

2
(L†Lρ+ ρL†L).

The temporal photon wavepacket shape in the clockwise and counterclockwise direction

is then given by the time-dependent expectation value of the cavity-decay number operators

Tr
[
κa†CWaCWρ(t)

]
and Tr

[
κa†CCWaCCWρ(t)

]
, respectively.

3.4.2 Entanglement protocol between two emitters with ϕ = π/2

As discussed above and illustrated in Fig. 3.12(a), for a pair of two-level systems coupled to

a WGM resonator with a relative phase ϕ = π/2, upon weak coherent excitation through

the clockwise (counterclockwise) mode, the emitters scatter photons only in the clockwise

(counterclockwise) direction; back-scattering is forbidden due to destructive interference.

If, however, the emitters possess a fine structure in the ground state and spin-selective

optical transitions, back-scattering is possible from a particular two-emitter Bell state, and

a detection of a back-scattered photon heralds entanglement generation.

Consider an emitter with an optical transition between states |↑⟩ and |e⟩, as well as

an additional spin state |↓⟩, which is not affected by the optical driving of the |↑⟩ ↔ |e⟩

transition. The first step of the entanglement protocol is spin initialization of both emitters

(for instance in state |↑↑⟩), followed by spin control to prepare each emitter in an equal

superposition state

|ψ0⟩ =
1

2
(|↑⟩+ |↓⟩)A(|↑⟩ − |↓⟩)B .

Selective excitation of the emitters’ bright spin state with a weak optical pulse produces
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the state

|ψe⟩ =
1

2

(
eiπ/2

√
Pe |e⟩+

√
1− Pe |↑⟩+ |↓⟩

)
A

(√
Pe |e⟩+

√
1− Pe |↑⟩ − |↓⟩

)
B
,

where Pe is the excitation strength, corresponding to the probability of preparing an emitter

into the excited state. Expanding:

|ψe⟩ =
1

2

(
eiπ/2Pe |ee⟩+ (1− Pe) |↑↑⟩ − |↓↓⟩+√

Pe(1− Pe)(e
iπ/2 |e ↑⟩+ |↑ e⟩) +

√
Pe(−eiπ/2 |e ↓⟩+ |↓ e⟩) +

√
1− Pe(|↓↑⟩ − |↑↓⟩)

)
We denote the state of the waveguide as |NM⟩, where N and M represent the number of

photons emitted backwards and forwards, respectively. We now consider the final state of

the emitters and waveguide after the decay:

• The state eiπ/2Pe |ee⟩ will emit two photons, either both right or both left, so the final

state is

eiπ/2Pe(|↑↑ 02⟩+ |↑↑ 20⟩)/
√
2.

• The state
√
Pe(1− Pe)(e

iπ/2 |e ↑⟩+ |↑ e⟩) will emit forward only, so the final state is√
2Pe(1− Pe) |↑↑ 01⟩.

• The state
√
Pe(e

−iπ/2 |e ↓⟩ + |↓ e⟩) will emit backward only, so the final state is
√
Pe(|↑↓ 10⟩+ |↓↑ 10⟩).

The final total state is then:

Ψ =
1

2

(
eiπ/2Pe(|↑↑ 02⟩+ |↑↑ 20⟩)/

√
2 + (1− Pe) |↑↑⟩ − |↓↓⟩+√

2Pe(1− Pe) |↑↑ 01⟩ −
√
Pe(|↑↓ 10⟩+ |↓↑ 10⟩) +

√
1− Pe(|↓↑⟩ − |↑↓⟩)

)
A photon detector that does not discriminate photon number can be modeled by a pair

of measurement superoperators corresponding to “no click” and “click”: {J [|0⟩⟨0|],Ωclick},

where Ωclick =
∑∞

n=1 J [|0⟩⟨n|] and J [A]B = ABA†. A click on a detector monitoring



CHAPTER 3. SIC QUANTUM PHOTONICS 61

back-scattered photons projects the system into the (unnormalized) state:

ρl =
1

4

(
P 2
e

2
|↑↑⟩⟨↑↑|+ Pe(|↑↓⟩+ |↓↑⟩)(⟨↑↓|+ ⟨↓↑|)

)
=

=
P 2
e

8
|↑↑⟩⟨↑↑|+ Pe

4
(|↑↓⟩+ |↓↑⟩)(⟨↑↓|+ ⟨↓↑|) = Pe

4

(Pe

2
|↑↑⟩⟨↑↑|+(|↑↓⟩+ |↓↑⟩)(⟨↑↓|+ ⟨↓↑|)

)
The normalized state is then:

ρl =
2

Pe + 2

(Pe

2
|↑↑⟩⟨↑↑|+(|↑↓⟩+|↓↑⟩)(⟨↑↓|+⟨↓↑|)

)
= α |↑↑⟩⟨↑↑|+(1−α)(|↑↓⟩+|↓↑⟩)(⟨↑↓|+⟨↓↑|),

where α = Pe

Pe+2 is the infidelity of the state. In the limit of weak excitation, α → Pe/2.

Thus, photon detection heralds entanglement whose fidelity will scale with 1 − Pe/2, and

probability of detecting a photon will scale with Pe, a trade-off between entanglement rate

and fidelity, as in reference [76].

Note that, if instead the initial state |ψ0⟩ = 1
2 (|↑⟩+ |↓⟩)A(|↑⟩+ |↓⟩)B had been prepared,

one can obtain the entangled singlet Bell state (|↑↓⟩ − |↓↑⟩) heralded by the detection of a

forward-scattered photon.

3.4.3 Spin selective temporally-filtered resonance fluorescence

In the single-photon interference ‘experiments above, pulsed resonant excitation to detect

transient ZPL emission was performed with picosecond pulses from a mode-locked laser ex-

panded to 150 ps via pulse shaping. With this approach, however, it is difficult to implement

selective excitation of just one of the transitions, due to their small separation of 1 GHz. An

alternative approach to generate spectrally narrower pulses is via electrooptic modulation.

We use an electro-optic phase modulator combined with spectral filtering to electronically

define the optical pulse shape via an arbitrary waveform generator. Generating pulses thus,

rather than via an electo-optic amplitude modulation, achieves high rejection ratio (60 dB)

and is insensitive to environmental fluctuations, not requiring any active stabilization of

the modulator. Figure 3.14(a) details the experimental configuration. Using 1 ns FWHM

pulses, corresponding to a 0.44 GHz FWHM in frequency, we perform temporally-filtered

resonance-fluorescence on a single VSi, observing well resolved A1 and A2 transitions, shown
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Figure 3.14: Spin selective temporally-filtered resonance fluorescence. (a) Diagram
of the experimental configuration. Temporally-modulated laser sideband at 18 GHz is gen-
erated using a phase electro-optic modulator (EOM) driven by an arbitrary signal generator
(AWG). The sideband is spectrally filtered and sent to the device. The detected photons
arrival times are correlated with the excitation pulse (Swabian Time Tagger): The earlier
photon arrivals corresponding to the excitation pulse are discarded. (b) Resonance fluores-
cence spectrum of a single VSi (blue data points) taken with 1 ns FWHM excitation pulses.
The shaded areas correspond to the excitation pulse transform limit (0.44 GHz FWHM).
The green data points are the simultaneously-acquired phonon side-band emission. Due
to the strong Purcell enhancement of the defect, the phonon side-band detection rate is
significantly lower than that of the ZPL.

in Figure 3.14b.



Chapter 4

Electrical control of the VSi

This chapter presents the study of electrical control of the VSi via the Stark effect, both

under DC and AC electrical drive. We also study the effect of AC electrical modulation on

the single photon emission properties, and investigate the effect of spectral modulation on

a the coherent fast orbital manipulation of a two-level system. While the experiments are

performed in bulk crystal, a key motivation of the studies presented in this chapter is the

integration with photonic circuits. Specifically, the photonic devices presented in the earlier

chapters are immediately compatible with the methods developed in this chapter, to enable

versatile and scalable control of single emitters in nanophotonic structures.

This chapter is organized as follows. First, the experimental setup and DC stark shift

measurements of single VSi emitters are presented, followed by the demonstration of AC

electrical control of single defects enabling the generation of optical Floquet states. The

spectral stability under high amplitude modulation is further shown. We then investigate

the two-photon scattering properties of AC-driven emitters, and confirm that in the fast

driving regime, the system behaves as a spectrally-complex but unmodulated single-photon

source. Finally, we investigate the interplay of electrical driving with optical coherent con-

trol. Together these results constitute a backbone for the eventual co-integration of color

centers with electrical control and photonic resonators.

63
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4.1 Experimental setup

The experiments were performed using a 100 μm-thick 4H-28Si12C epilayer grown by chem-

ical vapour deposition on a n-type (0001) 4H-SiC substrate. Color centers are generated

via electron irradiation. In order to investigate whether the spectral stability of the VSi

is influenced by the electron irradiation energy, one sample was irradiated with an average

energy of 2 MeV (at QST, Japan) and another at an average energy of 23 MeV (at Stanford

SLAC, USA), with a dose of 1 · 1013 cm-2 and 5 · 1012 cm-2, respectively. Samples were

annealed for 30 minutes at 300◦C after irradiation. Samples were diced and their edges

were polished (DAG 810 from Disco Corp.). Then, 3 μm were removed from the surface

with reactive ion etching (using SF6), to minimize the presence of defects that arise from

mechanical processing. Gold electrodes were patterned on the sample edge via e-beam

lithography and liftoff. No difference in the properties of single VSi was observed between

the two samples; however, as expected, the higher-energy irradiation produced a greater

fraction of optically-active defects of unknown origin.

The measurements are performed in a closed-cycle cryostat (Montana Instruments) at

a temperature of 5 K. The sample is mounted onto a custom-built circuit board with a

microwave stripline optimized for high-frequency operation. The signal is delivered onto

the sample with aluminum wirebonds. The cut-off frequency of the microwave setup was

measured to be 10.5 GHz. Optical spectra of the VSi are measured via the PLE technique:

by scanning a weak resonant laser (power at the objective lens ranging between 50 and

150 nW) across the transition, and detecting only the emission into the phonon side-band

via a tunable long-pass filter (Semrock). Two-photon coincidences are recorded with timing

electronics with a 10 ps resolution (Swabian Instruments). To control the charge state of

the emitter, a 1 μs above-resonant (740 nm) repump pulse is applied at a 1 kHz repetition

rate. For pulsed measurements, a picosecond Ti:Sapphire laser (Spectra Physics) with a

home-built pulse delay stage and and EOM-based pulse picker are used. For DC Stark

tuning characterization, voltage is applied to the gold electrodes via a programmable voltage

source (Keithley). Single-frequency microwave drive is delivered via a continuous-wave

signal generator with 3.3 GHz bandwidth (Rhode-Shwartz). A diagram of the optical and

electronic experimental setup is shown in Figures 4.1 and 4.2.
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Figure 4.1: Electrical experimental setup. The output from an arbitrary waveform
generator (Keysight) is amplified (Minicircuits) and delivered to the cryostat via SMA RF
cables. The signal is sampled via a -10 dB directional coupler to verify the quality of the
amplified signal. Coaxial feedthrough connections allow signal transfer to the inside of the
Montana Instruments cryostat. Inside the cryostat, the signal is routed through a flexible
coaxial cable to a microwave PCB with a 50 ohm transmission line that terminates open on
the 4H-SiC substrate. Three attocube piezoelectric actuators allow for three-axis motion of
the sample.

4.2 DC Stark shift

We first probe the static Stark shift of the VSi by applying a voltage across gold electrodes

fabricated on the a-cut surface of 4H-SiC,oriented to apply the field along the axis of sym-

metry of the defect, and measure the single-defect spectrum. The narrowest homogeneous

linewidth emitters we observe in our sample are around 80-90 MHz, which is only three

times broader than transform-limited. Narrower emitters (50-70 MHz) have been previ-

ously observed in samples with lower density of defects[129, 131, 11]. We attribute the

larger linewidths in our sample to a higher electron irradiation dose used to generate de-

fects, which has been shown to induce increased emitter linewidths[131]. As a result of

minor spectral diffusion, the narrowest inhomogeneous linewidths we observe are 100 and

102 MHz for the k- and h-VSi, respectively.

All measurements are performed at 5 K via resonant absorption spectroscopy, i.e., pho-

toluminescence excitation (PLE). As shown in Fig. 4.3, we observe that the zero-phonon line

of the VSi can be tuned by 200 GHz without degradation of spectral properties: in other

solid-state emitters, the degradation manifests as blinking, charge conversion, or carrier

tunneling[42, 2] The VSi does require the periodic application of an above-resonant laser for

charge stabilization[11, 131], but we do not observe an increased rate of charge conversion

with the application of a bias voltage. The static Stark shift measurement is performed by
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Figure 4.2: Optical experimental setup. For PLE measurements, a CW laser (M Squared
Lasers) scanned around 861 nm or 916 nm is used to excite the color centers. APDs (Exceli-
tas SPCM-AQRH-14) are used for single photon experiments as well as two-photon corre-
lation (switching between two modes is done with a flip beamsplitter. A scanning confocal
setup is used to spatially raster the excitation and detection spots across the sample surface
to identify single emitters. For optical pulsed measurements, a picosecond pulsed laser with
80 MHz repetition rate (Spectra Physics, Tsunami) is used. For the Ramsey interference
experiment, a combination of a retroreflector on a mechanical stage and a mirror mounted
on a piezoelectric crystal produces a pair of pulses with precisely-controlled delay. For the
Rabi oscillations experiment requiring only one pulse, one of the paths is blocked. A pair
of EOMs (Conoptics, LTA Series EOM) is used for pulse-picking with a 60 dB extinction.
Throughout all experiments, above resonant pulsed excitation is used to stabilize the charge
of the emitter, produced using a CW laser (MBR) at 740 nm and an AOM. Abbreviations:
EOM: electrooptic modulatior. AOM: acoustooptic modulator. BS: beamsplitter. CW:
continuous wave. APD: avalanche photodiode.

incrementing the applied voltage in steps of 0.5 V and sweeping a tunable laser, programmed

to track the frequency of the VSi as it shifts. From electrostatic simulation of the electrodes

and the Lorentz local field approximation[185], we calculate the local electric field strength

at the VSi location (assuming the defect position is accurate within 1 μm3), and deduce a

strong Stark shift of 3.65± 0.09 GHz/(MV/m). This corresponds to an electric dipole mo-

ment of 0.72±0.02 Debye, in disagreement with the theoretical prediction of 0.2 Debye[190].

We note that a recent experimental study in VSi ensembles estimated the dipole moment
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Figure 4.3: DC Stark tuning characteristics of the h-VSi. a The h-VSi level structure.
b Continuous PLE measurement over the course of 5 hours. c The intensity of the transitions
averaged over the 5-hour acquisition, revealing inhomogeneous linewidths of the A1 and A2

transitions to be 259 MHz and 273 MHz, respectively. d. The VSi frequency is Stark tuned
by 200 GHz by applying electric field parallel to the defect’s symmetry axis. The detuning
is relative to 347.821 THz. Left inset: electrostatic simulation of the field produced by
micro-fabricated electrodes. Right inset: the ‘kink’ observed near bias of 0 V, also seen in
the k -VSi. A closer investigation of this feature is shown in Fig. 4.5.

to be 0.18 Debye[158]. Nevertheless, the wide-range, high resolution characterization of the

Stark shift of single color centers presented in this work gives us confidence in the dipole

moment magnitude we report.

In our experiments, we observe the linewidths of k -VSi to be about 2-3 times narrower

than those of the h-VSi. As seen in Figs. 4.4 and 4.3, the optical transitions of both

defects display excellent spectral stability, with optical transitions remaining stable over the

course of many hours. From the DC Stark shift measurements of the k -VSi (Fig. 4.4d),

(assuming the defect position is measured to within 1 μm3), we deduce a Stark shift of

3.7± 0.2 GHz/(MV/m). Thus, the dipole moment of the k -VSi is within the measurement

uncertainty of the value for the dipole moment of the h-VSi; this is expected, given the very

similar orbital structure of the k - and h-VSi defects. We note that the dipole moment and

Stark shift response is reported for the local field, which is calculated via the Lorentz local

field approximation[185]. In the Lorentz local field approximation, the relation between the

local (F ) and external (E) field is F = E(ϵ+ 2)/3, where ϵ is the dielectric constant of SiC
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Figure 4.4: DC Stark tuning characteristics of the k-VSi a The k -VSi level structure.
b Continuous PLE measurement over the course of 5 hours. c The intensity of the transitions
averaged over the 5-hour acquisition, revealing inhomogeneous linewidths of the A1 and A2

transitions to be 117 MHz and 100 MHz, respectively. d Tuning characteristics of VSi for a
range of ±5 V. The ‘kink’ is observed near 0 V as in the h-VSi. The range indicated by the
dashed box is investigated in Fig. 4.5. The detuning is given relative to 326.908 THz.

(ϵSiC ≈ 10). Thus, from experimental considerations, the effective Stark shift of the VSi

is approximately 4 times higher, since the local field experienced by the emitter is 4 times

stronger than the external field that is obtained from electrostatic simulation.

We investigate the “kink” present in the DC Stark shift tuning characteristics near 0 V,

to determine whether it is caused by hysteresis. To this end, we scan continuously back and

forth around the kink position. We observe that the tuning characteristics are the same for

positive and negative voltage ramp, confirming the non-hysteretic nature of the kink (Fig.

4.5). We attribute it to field rectification by trapped charges, similar to what has been

observed in the NV center[14].

4.3 Observation of Floquet states under AC drive

We then proceed to characterize the VSi under Stark modulation, in order to observe spectra

of Floquet eigenstates which have been previously seen in other solid state quantum emitters

such as the NV and SiV centers in diamond [33, 119], the divacancy in SiC[126], and quantum
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Figure 4.5: Confirming the non-hysteretic nature of the DC Stark shift near 0 V
bias. As the bias on the electrodes is swept linearly from 0.5 V to 1.25 V and back, it can
be seen that the nonlinear behavior is present when scanning in both directions, and thus
is not caused by hysteresis. The detuning is given relative to 326.905 THz.

dots[124]. Applying sinusoidal modulation ∆(t) for a range of frequencies and amplitudes,

we observe that the VSi spectrum matches the prediction of the scattering matrix theory

[114], as shown in Figures 4.7 and 4.6.

Figure 4.8 shows the strongest modulation we could apply at Ω/2π = 10 GHz. The

16 GHz amplitude corresponds to a maximum optical transition slew rate of 1 GHz ps−1. At

this slew rate, the VSi transition traverses its 30 MHz transform-limited linewidth 1.8× 105

times within the optical lifetime of 5.5 ns. Even under such rapid modulation, the optical

transitions remain as narrow as in the unmodulated VSi, and only three times broader than

the transform-limited linewidth.

4.3.1 Spectral stability under AC drive

For most potential applications of fast Stark modulation of quantum emitters, it is essential

that modulation does not induce additional spectral diffusion. We investigate the effect of

spectral diffusion on on the h-VSi by collecting the PLE spectra of the same emitter with and
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Figure 4.6: Floquet eigenstates of the h-VSi under sinusiodal drive.Spectral signa-
tures of Floquet states in the k -VSi for ∆(t) = A sin (Ωt) harmonic drive, for swept Ω under
a fixed amplitude of A = 3 GHz (upper), and swept A with fixed Ω/2π = 750 MHz (lower).
Color corresponds to the normalized photon counts emitted into the phonon sideband.Color
corresponds to the normalized photon counts from the PLE.

without modulation for a duration of 5 hours each, as shown in Fig. 4.9. The inhomogeneous

linewidth of the modulated emitter is nearly identical to that of the unmodulated emitter

(105 MHz compared with 102 MHz). We observe that the single modulated emitter linewidth

is broader that that of the unmodulated emitter (due to heating effects as experimentally

and theoretically described elsewhere[190]). Our data suggests that other than thermal

load effects (which can be addressed with improved electrodes design), there are no adverse

effects of microwave modulation on the emitter stability.
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Figure 4.7: Floquet eigenstates of the h-VSi under sinusiodal drive. a Spectral
signatures of Floquet states in the h-VSi for ∆(t) = A sin (Ωt) harmonic drive, for swept
Ω under a fixed amplitude of A = 3 GHz. b Spectral signatures of Floquet states with
logarithmically swept microwave drive power with fixed Ω/2π = 1 GHz. Color corresponds
to the normalized photon counts from the PLE.

Figure 4.8: Large amplitude drive of k-VSi a PLE spectra of a single k -VSi driven at a
frequency of 10 GHz and amplitudes of 8 and 16 GHz.

4.4 Two-photon scattering from a modulated two-level

system

We then study the two-photon scattering properties of the VSi. As expected for a single-

photon emitter, we observe antibunching for all modulation frequencies (Fig. 3c). Addition-

ally, we observe two independent effects: 1) the oscillations in g(2)(τ) due to the emitter

modulation, present for all τ ; and 2) a modulation-independent signature of interference be-

tween the four ground states in the ground manifold, decaying exponentially with τ due to

the spin mixing via the intersystem crossing. A detailed analysis of this interference effect,
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Figure 4.9: Spectral diffusion under fast modulation. a Continuous PLE measurement
over 5 hours of h-VSi under microwave drive of frequency 1.5 GHz and power 10 dBm.
b Time averaged spectrum. A minor deviation from the theoretical model is seen due
to power broadening, present only for the stronger sidebands due to the comparatively
stronger coupling to the laser field. c A close-up of panel (a) around the Floquet sideband
for the A2 transition, identified with a red stripe in panel (b). d Lorentzian fit to the time-
averaged spectrum of the transition reveals a linewidth of 105±0.8 MHz. e Continuous PLE
measurement over 5 hours of the A2 transition of the same emitter but without modulation. f
Lorentzian fit to the time-averaged spectrum of the transition shows a similar inhomogenous
linewidth of 102± 0.3 MHz. Frequency is given relative to 347.920 THz

specific to the VSi, is presented below. Universal to all two-level systems, however, is the

modulation-induced oscillations in g(2)(τ) that persist for all time delays. Figure 4.10 shows

the measured g(2)(τ) for a single emitter for modulation frequencies of 15 MHz, 150 MHz,

and 1.5 GHz, which probe the slow, intermediate, and fast regimes, respectively. In the

slow regime, the shape of g(2)(τ) is strongly modified by the Stark modulation. As the

modulation frequency is increased, the g(2)(τ) becomes practically indistinguishable from

that of the unmodulated emitter, in agreement with the scattering-matrix theory [114].
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Figure 4.10: Two-photon scattering off a single Stark-modulated VSi. Measurement
of the second-order photon correlation — g(2)(τ) — under weak coherent excitation in the
slow (15 MHz), intermediate (150 MHz) and fast (1.5 GHz) modulation regimes. The
modulation-independent oscillations at short time delays originate from the interference of
the multiple states in the ground manifold, as discussed in the Supplementary Information.
In the limit of long time delay, g(2)(τ) of a modulated emitter becomes periodic. To resolve
the fine oscillatory features, we average the g(2)(τ) data over many microwave periods (up
to τ = 200µs), shown in the right panel.

4.5 Signature of ground state interference in g(2)(τ)

Figure 4.11 shows the effect on the optical level structure of the defect of the two magnetic

field configurations studied in this work. For all experiments other than the g(2)(τ) measure-

ments, the axial B field configuration is used (shown in Fig. 4.11a). For g(2)(τ), however,

this configuration cannot be used, as the intersystem crossing channel would depopulate the

resonantly pumped optical transition and cause the emitter to go into a dark state. While

an rf-magnetic field can be used to induce spin mixing in the ground state, such an approach

would introduce a time-dependent term in the Hamiltonian in addition to the studied Stark

shift modulation; This would potentially compromise the integrity of the experiment, which

aims to isolate the effect of Stark modulation on the two-photon scattering properties. As

such, a low, off-axis B-field is applied to allow all states in the ground manifold to couple

to the ±3/2 excited state subspace.
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Figure 4.11: Radiative level structure of the VSi in different magnetic field con-
figurations. a In a magnetic field aligned with the symmetry axis (i.e. Bx = 0), the
optical transitions are spin-conserving. When resonantly addressing the ±3/2 transitions,
the ±1/2 transitions are far detuned and are not excited. b When a low off-axis magnetic
field is applied, the ground state spins are hybridized. The excited ±3/2 states, however,
remain unhybridized due to the much larger excited state ZFS. The non-uniform hybridiza-
tion is indicated in purple for illustrative purposes. The resulting optical level structure
comprises total of 8 optical transitions varying only slightly (order of 10 MHz) in frequency.
Crucially, unlike in the axial field case shown in (a), ground states are interacting via spin-
non-conserving optical transitions.

4.5.1 Observation of interference of multiple ground states via g(2).

Using our full extended 12-dimensional Hamiltonian, and the quantum regression theorem

[189] we numerically evaluate g(2)(τ) and fit it to the experimental data using three unknown

VSi rates (radiative branching ratio, metastable state lifetime, and doublet mixing rate)

and well three external parameters (the laser drive strength and the axial and transverse

magnetic field strengths). The numerical fit overlaied with experimental data is shown in

the top dataset in Fig. 4.12. The branching ratio, metastable lifetime, and doublet mixing

are fit to be 0.75, 690 ns, and 5.8 ns, respectively.

We then proceed to change the laser drive power and magnetic field strength, and observe

a change in the ground state interference pattern. At higher laser power, we observe a drop

in the coherence at longer timescales: This is predicted by the model, as it causes a faster

rate of population transfer to the metastable state, where incoherent phonon interactions
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Figure 4.12: Signatures of ground states interference in g(2). Top dataset is used
to extract the three unknown rates of the VSi described in the text. Then, a higher laser
power is applied, and a fit to the model is obtained using the external parameters Bz, Bx,Ω,
whose resulting values are shown in the second dataset. Then, with laser power held at the
higher level, axial magnetic field was adjusted, and the measurement was repeated (bottom
dataset)

destroy the spin coherence. Then, keeping the same laser power we adjust the external

magnet to decrease Bz. As expected, we observe a change in the period of oscillations,

which arises from the fine splitting between the ground states. Our numerical model (fit

with the three aforementioned “external” parameters) agrees well with the experimental

data. For a targeted study of ground state interference in g(2)(τ), integration of rf-B-field

delivery to the sample would enable independent verification of the ground state splitting via

optically-detected magnetic resonance, and thus permit a fitting with fewer free parameters.

4.6 All-optical orbital control of the VSi under AC mod-

ulation

We proceed to investigate the interaction of a modulated VSi with short optical pulses. Using

a resonant pulsed laser, we demonstrate fast control of the unmodulated VSi orbital state

(Fig. 4.13a). The high density of VSi in the sample induces a background fluorescence that

limits the signal contrast. As the pulse bandwidth (3 ps) far exceeds the VSi modulation

amplitude, modulation-induced orbital dynamics cannot be resolved with a single pulse. In
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Figure 4.13: Stark-modulated VSi interacting with short optical pulses. a. Optical
Rabi oscillations of a single unmodulated VSi excited by a 3 ps laser pulse. b. To observe
the effects of fast Stark modulation on the orbital state, we measure Ramsey interference
by driving the VSi with two identical π/2 resonant pulses separated by a course delay of
200 ps. The Ramsey interference contrast will strongly depend on the modulation period
relative to the interpulse delay. c. Observed Ramsey interference for various modulation
frequencies, as well as for the unmodulated emitter. The data series are offset vertically
for clarity. When the interpulse delay is an integer multiple of the modulation period, the
observed interference is identical to that of the unmodulated VSi. d. Ramsey interference for
modulation frequency swept from DC to 10 GHz. As predicted theoretically, full interference
contrast is recovered at 5 and 10 GHz.

order to observe signatures of Stark modulation in the orbital trajectories of the VSi, we

perform a Ramsey interference experiment, where the VSi is manipulated by a pair of 3 ps

optical π/2 pulses separated by 200 ps (Fig. 4.13b). We observe a strong dependence of the

Ramsey interference amplitude on the modulation frequency (Fig.4.13c). This effect is a

consequence of the time-dependent Larmor precession experienced by the modulated VSi on

the equator of the Bloch sphere. When the pulse delay is not a multiple of the modulation

period, the accumulated interpulse precession depends on the phase of the microwave signal

relative to the arrival of the first pulse. As we show below, the time-averaged Ramsey

interference pattern is described by 1/2+1/2 cos(ωtdelay)J0

(
2A
Ω sin

(
Ωtdelay

2

))
, where tdelay

is the time delay between the two π/2 pulses. We measure the Ramsey interference across
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different modulation frequencies and observe the recovery of the full Ramsey contrast at 5

and 10 GHz, in excellent agreement with the theoretical prediction (Fig. 4.13d).

For an unmodulated TLS excited with two π/2 pulses delayed by a time tdelay where

tdelay ≪ 1/γ, the Ramsey interference pattern is given by

IR(tdelay) =
1

2
+

1

2
· cos(ω0 · tdelay). (4.1)

A sinusoidally modulated TLS experiences an additional phase due to its modulation,

A

∫ tdelay

0

cos(Ωt+ ϕ)dt =
A

Ω
[sin(Ωtdelay + ϕ)− sin(ϕ)], (4.2)

where ϕ is the microwave phase relative to the Ramsey pulses.

For modulation frequencies that are not multiples of 1/tdelay, the time-averaged Ramsey

contrast due to this phase is

IR(tdelay, A,Ω) =
1

2
+

1

2
· 1

2π

∫ 2π

0

cos

(
ω0 · tdelay +

A

Ω
[sin(Ωtdelay + ϕ)− sin(ϕ)]

)
dϕ, (4.3)

which can be simplified to

IR(tdelay, A,Ω) =
1

2
+

1

2
· cos(ω0 · tdelay) · J0

(
2A

Ω
sin

(
Ω · tdelay

2

))
. (4.4)

4.6.1 Experimental details

Figure 4.2 shows the experimental setup used to investigate Ramsey interference. Not

pictured in the diagram is an additional tunable band pass filter (Semrock) placed before

the single photon detector, which is used to increase the rejection ratio of the resonant laser;

as well as a permanent magnet mounted to produce approximately 20mT field along the

symmetry axis of the defect, in order to polarize the ground state manifold. Thermal and

acoustic isolation of the experimental setup use to produce the pulse sequence enables high

stability of the fine interpulse delay, with drift rates of approximately 1 fs per hour. The

data presented is corrected for this residual drift. The 6 MHz repetition rate pulse sequence

is produced with a delay generator (Stanford Research Systems, DG645), triggered by the
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Figure 4.14: Ramsey pulse sequence. First, an above resonant pulse initializes the
emitter into an equal mixture ground state. A pair of 3 ps pulses (x-axis not to scale)
manipulate the emitter orbital state. The single photon detector is gated to only detect the
transient signal from the VSi (optical lifetime 6 ns).

intrinsic laser repetition rate (80 MHz). The pulse sequence is shown in Fig. 4.14.



Chapter 5

Conclusions and outlook

In this dissertation, we have addressed the lack of high quality Silicon Carbide on Insulator

(SiCOI) material, which has been a roadblock for utilizing SiC both in classical photonics

and for scalable quantum architectures. We developed high quality factor photonic circuits

for efficient nonlinear photonics, and integrated single color centers into high Q/V photonic

crystal cavities. Then, we fabricate devices in high quality homoepitaxially-grown SiC,

observe that the VSi remain spectrally stable inside nanostructures, which enables us to

show photon interference between two cavity-integrated emitters, constituting a key step

towards SiC quantum networks based on remote color centers. Finally, we explore the

electrical control of the VSi via the Stark effect, both under DC and AC electrical drive,

which will be a key technique for overcoming the inhomogeneity of solid state qubits in

photonic circuits. In this concluding chapter, we discuss the outlook for quantum photonic

networks based on solid state qubits and to provide context for the results presented in the

dissertation.

5.1 Optimizing the single quantum node

Emitter-cavity coupling

The density of states of a defect’s electromagnetic environment must be modified in or-

der to enhance and direct its photon emission, suggesting a nanophotonic cavity coupled

79
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to an optically-active spin qubit as the basic building block of a defect-based integrated

quantum photonic device. Despite remarkable progress in the development of the cavity-

defect node, there remains a large performance gap between integrated quantum photonics

devices and their classical photonics counterparts. To date, the state-of-the-art photonic

crystal cavities in silicon [7] and whispering gallery resonators in silica [96] have Q factors

of 107 and 109 (108 for a fully-integrated device [212]), respectively. In contrast, photonic

devices integrated with spin defects have so far demonstrated Q factors in the 103 − 104

range. It is not surprising that spin-defect photonics are orders of magnitude behind, since

the quantum material platforms (i.e., diamond, YSO, YVO, YAG, and SiC) are relatively

new to the photonics scene. From this perspective, SiC-on-insulator is uniquely suited for

bridging the classical-quantum photonics gap. SiCOI is already in the top three platforms

for demonstrating high Q/V photonic resonators, after silicon on insulator [7] and lithium

niobate on insulator [99]. The high refractive index of SiC (n 2.6) allows for the fabrication

of resonators based on 2D-photonic crystal cavities, the class of nanophotonic devices with

the highest Q/V ratio to-date [7]. The impact of bridging the classical-quantum photonics

gap will be an orders-of-magnitude improvement in readout fidelity and entanglement gener-

ation rates over current state-of-the-art spin-qubit photonics demonstrations. Furthermore,

it will unlock new regimes of spin-qubit operation, including generation of transform-limited

(and thus indistinguishable) photons from rare earth ions [84] and strong coupling of a color

center to a cavity [17]. In SiC, these advances could likely be implemented with defects such

as the Cr4+ ion, the divacancy, and the silicon vacancy.

What Q/V is sufficient, then? Naturally, the answer will depend on the defect used

and the application. For the VSi color center studied in this work, a modest Purcell en-

hancement of 100 (about 3 times improvement over the whispering gallery mode resonator

demonstration in this thesis (Chapter 3)) would be sufficient to achieve 90% fidelity single

shot readout with with total detection efficiency of 10%, and cooperativity C in the range

5-10 for nearly transform-limited emitters, enabling nearly deterministic state readout and

emitter-photon interactions. More broadly, beyond the VSi, a defect with a lower branch-

ing ratio into the enhanced transition (for example, due to a small DWF or low quantum

efficiency) will require greater Q/V to achieve the same Purcell enhancement. From the
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photonics perspective, the emitter-cavity node is sufficiently optimized once the fraction of

emitter excitations that do not result in a photon emitted into the cavity becomes negligible

compared to other system losses, and the spin state readout fidelity exceeds the fidelity

of other single-register qubit operations. For readout, the presence of a cycling transition

would relax the Q/V requirements [150, 17]. In selecting a promising quantum emitter, the

brightness of a defect plays a role: High brightness can be an indicator of high quantum

efficiency and the presence of cycling transitions. Low brightness, however, does not nec-

essarily mean the contrary, since the presence of a long-lived metastable state can result

in low count rates even if the non-radiative decay rate into the metastable states is slow.

Thus, in contrast with single photon-source applications, the defect brightness is not the

key metric in spin-based quantum technologies.

Mitigating emitter degradation in nanostructures

Another challenge for defect-based quantum photonics is mitigating the degradation of op-

tical properties of defects in nanostructures. Often, defects with narrow, stable transitions

in bulk material degrade severely when a material interface is nearby. The common un-

derstanding is that the linewidth degradation is caused by spectral diffusion (i.e., rapid

temporal fluctuations in the defect’s optical transitions due to fluctuating charges on the

nearby surfaces). So far, the greatest success in nanophotonic integration has been had with

centrosymmetric defects in diamond such as the silicon vacancy [117, 17, 196], the germa-

nium vacancy [196], and the tin vacancy [157]. And yet, even these defects which should

be maximally insensitive to environmental fluctuations display spectral diffusion that by

several times exceeds the transform-limited linewidth, likely as a result of strain introduced

during growth and fabrication, which lifts the symmetry of these defects and renders them

sensitive to electric field to first order [117, 196, 157]. The problem of spectral stability must

be solved before the spin-defect quantum photonics technology becomes scalable.

Unlike many intrinsic properties of defects over which the experimentalist has no control,

spectral diffusion in nanostructures is an extrinsic property and is amenable to systematic

material science engineering. Surface passivation, either chemical or plasma-assisted, is

one technique that has been successfully used to increase the photon or phonon lifetime
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in nanoresonators [116, 94], but to our knowledge has not yet been explored for defect

stabilization. A comprehensive study that seeks to understand rather than simply eliminate

spectral diffusion is needed to resolve this problem globally. For example, a comparison of

the spectral diffusion of different defect types in the same environment can help elucidate

the degradation mechanisms.

The approach toward understanding spectral diffusion and resolving it will likely be spe-

cific to each quantum material platform. In the case of SiC, surfaces may potentially be

passivated with a graphene layer, which can be readily grown on hexagonal SiC [127]. Al-

though the strong optical absorption of graphene renders this an impractical solution when

combined with photonics, it would constitute a valuable proof-of-concept demonstration

of passivation-enabled compensation of spectral diffusion. An entirely different method to

achieve near-surface emitter stabilization in SiC may take advantage of charge depletion

using advanced doping epitaxy available in SiC [3]; implemented successfully in bulk mate-

rial, the charge depletion technique has yet to be investigated in nanostructures. We note

here that charge depletion can be directly integrated with existing nanophotonic architec-

tures, as has been done in other platforms [48]. Although the high temperature required for

dopant activation in SiC [151] would necessitate definition of diode structure prior to the

fabrication of the SiCOI material stack[110], it is a technologically straightforward process.

Another active approach to mitigating the effects of spectral diffusion may be via opti-

mized optical excitation of the emitter, either via time-dependent drive [62] analogous to

radiofrequency modulation demonstrations to extend defect spin coherence [18], or via op-

timized steady-state illumination [187]. Fortunately, the challenge of stabilization of defects

in nanostrucutres is as formidable as the possible strategies for overcoming it are numerous.

Comparison of SiC and diamond quantum photonics

The key color center quantum photonics demonstrations (such as single-shot readout of

spin [153, 183], cavity integration of emitters with narrow optical transitions [24, 17, 117],

cavity-mediated spin-spin interactions [52], and nuclear spin quantum register [22]) have so

far been in the diamond platform, specifically with the NV and the Silicon Vacancy color

centers. Both of these color centers possess at least one optical transition that does not
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suffer from non-radiative spin-flip processes. The cyclicity of such a transition was utilized

for single-shot readout of spin, even without photonic cavity integration [153, 183]. A

similar cycling transition has not yet been definitively demonstrated in a SiC color center,

although a potential candidate in the kh divacancy has been identified [126]. However,

a cycling transition is not required for single-shot readout if cyclicity can be enhanced

with a photonic cavity via the Purcell effect [150]. So far, only centrosymmetric color

centers in diamond have been integrated into nanophotonic structures while retaining narrow

linewidths [117, 196, 157]. Although inversion symmetry is not in principle a prerequisite for

defect insensitivity to electric fields [190], a non-centrosymmetric defect that has a strongly

suppressed first order DC Stark shift is yet to be identified. Since crystals without inversion

symmetry such as SiC do not host inversion-symmetric defects, it is important to develop

techniques to work with non-centrosymmetric defects in nanostructures.

With regard to photonic devices, state-of-the-art microring resonators in SiC and dia-

mond are currently comparable [67, 69], whereas the photonic crystal nanocavities in SiC

are superior due to the wider range of device designs accessible in the thin film platform

[23, 174]. There are some key differences between diamond and SiC with regard to the in-

trinsic material properties: The larger bandgap of diamond results in a wider transparency

window into the ultraviolet range. Although the SiC bandgap is narrower, it strikes a bal-

ance between optical transparency (which spans the visible frequencies) and ease of doping,

enabling semiconductor structures such as p-i-n junctions. The SiC χ(3) nonlinearity is

an order of magnitude stronger than that of diamond, lowering the power requirement for

generating optical parametric oscillation and optical frequency combs [67, 69]. SiC also

possesses a strong χ(2) nonlinearity of 12 pm/V [162], which is absent in diamond due to

the inversion symmetry of its lattice.

5.2 Scaling-up quantum photonic processors

When designing a nanophotonic defect-based quantum node, it is crucial to look ahead

toward multi-node scalability. This introduces two additional single-node system require-

ments. First, since the nodes must be spectrally identical during operation, the single node

must be spectrally tunable to overcome inherent variations in resonator frequencies and the
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inhomogeneous broadening of defects. Second, the node must have an efficient waveguide

interface, in order to transfer the emitted photons into the inter-node link with very high

efficiency. The exact efficiency requirements will depend strongly on the application. Quan-

tum communication and simulation will likely place a less stringent requirement than fault

tolerant quantum computation, where proposals require no more than 10% cumulative loss

at all stages of the circuit [139, 138].

The spectral tuning of cavities and color centers has seen excellent progress in a variety

of platforms. For cavity tuning, the primary technique has been cryogenic gas condensation

[52]: a heated gas tube delivers argon or xenon gas to the sample which then condenses

on the cold sample surface, red-shifting the cavity frequency. Since condensed gas can be

selectively and gradually removed via heating by a milliwatt laser, one can tune individual

cavities onto resonance by applying the appropriate laser pulse. Numerous other techniques

have also been employed, including atomic layer deposition [213], laser-assisted oxidation

[86], and index-shifting materials [61]. In all, cavity tuning is amenable to further opti-

mization and numerous routes to multi-node scalability exist. We note that although in

principle the electrooptic effect allows fast modulation of cavity resonance, the Stark effect

in emitters is typically much stronger and thus if rapid modulation is desired, it will likely

be advantageous to modulate the emitter with respect to the cavity rather than vice versa.

Defect tuning has been demonstrated using both Stark shift [3, 110] and strain [122], with

several demonstrations of the tuning range far exceeding the inhomogeneous broadening.

Fast, high amplitude spectral modulation of quantum emitters has been shown [126, 114].

One caveat, however, is that current tuning demonstrations are limited to compensating

one degree of freedom, whereas spectral inhomogeneity in defects is higher-dimensional in

nature (vector for electric field and tensor for strain). Thus, for most defects (an exception

are defects with degeneracy broken by spin-spin interactions only, like the VSi [178]), a single

tuning degree of freedom is only sufficient to make one optical transition degenerate[122].

Thus, if a protocol makes use of multiple optical transitions of a single defect, each addi-

tional transition must be controlled with an independent tunable laser, which is not scalable

[117]. Cavity-assisted Raman emission can allow to overcome this limitation [184]. Overall,

while engineering challenges are still ahead, there is already a framework for building a
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Figure 5.1: Approaches to scaling-up spin-based quantum photonic technologies
(a) Diamond nanophotonic cavity with a single silicon vacancy defect and an adiabatically-
coupled fiber interface. [137] (b) Free-space coupled Fabry-Pérot microcavity enhancing
the emission of an NV center in diamond [152]. Inset: the concave mirror can also be
fabricated directly on the tip of a fiber [78]. (c) Pick-and-place heterogeneous on-chip
integration of diamond microchiplets containing silicon and germanium vacancy centers on
top of aluminum nitride photonic waveguides [196] (image courtesy of Noel Wan). (d) A
heterogeneous approach without pick-and-place can be realized by using a secondary layer
of photonic interconnects to post-select working quantum nodes [110]. (e) A conceptual
diagram demonstrating how the example photonic network shown in Fig. 1.2b could be
realized in a fully monolithic platform. In order to account for non-unity fabrication yield,
N redundant nodes are fabricated in the place of one node, and a Nx1 switch (composed of
cascaded 2x1 switches) selects one working node. Reproduced from: (a) [137], (b) [152, 78]
(d) [110].

fully-tunable quantum node and a clear path toward scalability.

In addition to spectral tuning, an efficient cavity-waveguide interface is the second es-

sential requirement for multi-node devices. To achieve this, the cavity must be designed

to be significantly over-coupled to the waveguide (i.e., cavity loss into the waveguide must

dominate over other loss channels), implying that ultimately the actual Q factor will be

much lower than the highest Q attainable in the platform. Consequently, this places an

even greater requirement on the intrinsic cavity Q/V to maintain the same Purcell enhance-

ment. Furthermore, once the photon has entered the waveguide, great attention must be

paid to any losses that the photon may experience as it propagates between nodes.
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At this point, it is important to note a distinction between the principles of scalability

for classical computers and quantum photonic processors. Classical technologies based on

semiconductor transistors progressed through “scaling down”, where the individual node

size has been reduced further and further to accommodate greater computing power, until

the limiting factor has become the wires rather than the transistors themselves. In contrast,

a defect-based quantum photonic computer does not fundamentally enjoy gains from small

overall size (as long as the photon emission-enhancing component maximizes large Purcell

factor through high Q/V). Compared to the resistive losses that limit classical computers,

short-distance optical communications (fibers or waveguides) are effectively lossless. The

speed of a defect-based quantum computer will not be limited by the internode-link com-

munication rates (photon transit time), but by the (much slower) physics of the quantum

node, namely, the spin manipulation and readout of the defect-cavity system. This differ-

ence in paradigms is especially relevant in context of the distinct challenge of device yield

present in defect-based quantum photonics, since the technological complexity of the single

node precludes fabricating quantum nodes with a yield exceeding 99%. This suggests that

scaling-up will require a degree of device post-selection and reconfigurability, as is already

done on other platforms such as trapped atoms [13]. In light of the above considerations,

integration via off-chip fiber interconnects should not apriori be excluded in the near future

(before the increasing number of quantum nodes makes it impractical).

In this context, we comment on the current leading approaches toward multi-node scal-

ability:

1. Integrated nanophotonic devices with a fiber interface. This approach relies

on a nanophotonic cavity for enhancing the light-matter interaction, but routes the

photons from the cavity directly into a fiber for off-chip processing (Fig. 5.1a). [24, 117,

17] This approach naturally enables 100% device yield within a quantum network via

post-selection: individual devices are characterized and working devices are integrated

together via (low loss) fiber interconnects. Because the nanophotonic waveguide and

optical fibers are effectively lossless at the relevant length scales, photon loss is incurred

exclusively at the fiber-waveguide interface, with demonstrated efficiencies as high as

96% [24]. While this approach is suitable for near-term integration of multiple nodes,



CHAPTER 5. CONCLUSIONS AND OUTLOOK 87

large scale integration is challenging as the fiber coupling interface is bulky, and all

photon operations are performed via fiber components.

2. Fabry-Pérot microcavities. Recently, photonic resonators based on concave di-

electric mirrors have enabled breakthrough demonstrations of cavity-integrated light-

matter interactions [134]. In this approach, a concave mirror is fabricated [77] either in

bulk silica [152] or, notably, directly on the tip of a fiber [78], and forms a distributed

Bragg reflector microcavity with the buried Bragg mirror beneath the active quan-

tum medium, incorporating the defect in-between (Fig. 5.1b). As with fiber-coupled

on-chip nanophotonic cavities, unity yield is achieved by post-selection; The fiber-tip

scans the surface to isolate a suitable defect, and the cavity resonance is tuned by

controlling the fiber height piezoelectrically. Notably, this technique can in princi-

ple be applied to any defect that can be integrated into a smooth, thin membrane.

[70, 123, 152] The fiber Fabry-Pérot microcavity is in a sense a distillation of the

fiber-coupled nanophotonic cavity approach, as the cavity output mode is Gaussian

and can efficiently be coupled into single mode fibers. The efficiency is limited by

losses in the optical components required for coupling the photons into the single-

mode fiber, reflection losses at surfaces, and a slight modal mismatch between the

cavity and fiber modes. Recently, a total coupling efficiency of 68% into the fiber

mode has been demonstrated [186]. Similarly to the approach above, this approach is

more appropriate for near-term scalability due to the direct fiber interface.

3. Pick-and-place heterogeneous on-chip integration. This approach aims to ad-

dress the concern of yield in a fully integrated fashion, by transferring quantum nodes

onto an integrated photonic circuit after characterization. Pick-and-place is a partic-

ularly promising technique in material platforms not suitable for standard photonics

processing: For instance, it has recently enabled large-scale on-chip integration of di-

amond color centers with aluminum nitride interconnects (Fig. 5.1c) [196]. Although

promising for fully chip-scale integration, pick-and-place currently suffers from high

experimental losses in the adiabatic transfer of photons from the transferred quantum

material to the integrated photonic circuit (transmission of 34% [196]) suggesting that
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Figure 5.2: A conceptual diagram showing two applications that can be readily
implemented with the 4H-SiCOI architecture. a On the left, the realisation of spin-
spin entanglement scheme between two emitter-cavity systems. On the right, emission from
a single VSi is delivered to a high-Q triply-resonant ring resonator to achieve frequency
conversion to the telecommunication frequencies. Although for maximum circuit efficiency
it is best to forgo silicon nitride interconnects, this approach may enable short term multi-
qubit integration until near-unity single-qubit yield is attained b Material stack illustration
for the proposed platform.

the transfer efficiency to the inter-node link may be a serious impediment for scala-

bility. Although highly efficient interlayer adiabatic transfer is possible (approaching

99% [169]), it relies on long, well-aligned (200 µm) tapers that are difficult to achieve

using a pick-and-place technique (but are possible with heterogeneous integration of

multiple thin-film layers (Fig. 5.1d)). Thus, we see an efficient waveguide interface as

the key challenge in developing pick-and-place as a method for multi-node QIP.

5.3 Prospects for monolithic frequency conversion and

photonic reconfigurability

The compatibility of thin-film SiC with industry-standard nanophotonics processing tech-

niques offers the advantage of foundry-based device fabrication, together with complex opti-

cal interconnects and multilayer electrical wiring. This makes the 4H-SiC platform promising

both in the long run —when robust fabrication protocols will be crucial for large quantum

networks —and in the near future, when low device yields shared by all solid-state quantum

photonic platforms may be compensated by device post-selection via photonic circuit recon-

figurability. The 4H-SiCOI platform enables, for instance, the integration of quantum nodes
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Figure 5.3: Modal phase-matching for difference-frequency generation. Left: For
a waveguide height of 350 nm, sidewall angle of θ = 7◦, and radius of 27.5 µm with SiO2

cladding, the phase-matching condition (nTωT + npωp − neωe)/2π = 0 THz is achieved
for a waveguide width of 725 nm. Right: The absolute value of the primary electric field
component in the ring cross-section for each mode. The spatial overlap diagram features

the real component of
∑

ijk χ
(2)
ijkE

∗
1i(E

∗
2jE3k +E

∗
2kE3j) prior to integrating over the volume.

post-characterisation via the fabrication of silicon nitride optical interconnects. Critically,

the number of qubits in a network is then limited only by the total number of mutually-

compatible nodes on-chip. An example of this technique for a two-qubit device is illustrated

in Fig. 5.2, where two nanobeams coupled to spectrally-aligned V1’ transitions of single

VSi colour centres are selected, and silicon nitride interconnects are fabricated to realise

on-chip spin-spin coupling via Hong-Ou-Mandel photon interference.[47] The versatility of

the fabrication platform also enables sensing based on optically-detected spin-mechanical

resonance in SiC membranes, with promise towards quantum sensing applications,[146, 205]

as well as studies of fundamental material properties.

Quantum frequency conversion of single photons emitted by a color center (such as

the VSi) to telecommunication wavelengths is possible by means of nonlinear second-order

difference frequency generation,[41] where the emitter (ωe) and pump (ωp < ωe) photons

generate a telecommunication photon (ωT = ωe − ωp). A single photon may be converted

with high fidelity from ωe to ωT , i.e., the conversion efficiency is quantum-limited, for a

critical pump power

Pp =
ωp

16|β|2QeQpQTΓp

where Γp is the ratio of the decay rate into the waveguide over the total decay rate of the
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pump mode.[154] Using λp = 1.93 um, λT = 1.55 um, λe = 860 nm with Γp = 0.5, and

QT = Qp = 2·Qe = 5·105, we calculate a critical pump power of Pp = 0.3 mW. The coupling

factor |β| = 2.4 J−1/2 is calculated using simulated pump and telecom TE00 mode profiles

and a TM20 mode profile (see Fig. 5.3) at the emitter wavelength, where the waveguide

dimensions in a 27.5 um-radius, SiO2-clad microring are designed for phase-matching (i.e.,

to satisfy the condition neωe = nTωT + npωp, where nk is the effective index of the mode

with frequency ωk). This difference frequency process utilizes the same nonlinear term as

the SHG process, where the polarization of the ωe mode is chosen to match the orientation

of the emitter dipole moment.

5.4 Perspective on fully-integrated quantum photonics

Most advanced spin-defect experiments to-date rely on the strategy of coupling emitted

photons into an optical fiber as soon as possible (approaches 1 and 2 above). However, for

applications other than fiber network communications, a photon in a fiber is not an advan-

tage over a photon in an integrated waveguide: Practical realization of the key components

for quantum networks identified in Fig. 1.2 actually plays to the strengths of integrated

photonics rather than fiber optics. Integrated photonics have already achieved system com-

plexity beyond what can be practically realized in macroscopic fiber-based devices, inte-

grating hundreds of elements with mean fidelities of linear components exceeding 99.9%

[68]. On-chip integration of single-photon detectors has seen remarkable progress in recent

years [142, 133, 51], and integration with photonic resonators will likely enable narrowband

integrated single photon detection with efficiencies exceeding 99% in the near future. In our

view, the chip-integrated approach is the most promising for large-scale quantum systems.

This architecture is illustrated in Fig. 5.1(e), using the example photonic network introduced

in Fig. 1.2(b).

In this fully-monolithic realization of chip-integrated spin-based quantum technologies,

the photon never leaves the chip, never couples into a fiber or passes through lossy bulk

active elements, and is not subject to system fluctuations inherent in a large-scale macro-

scopic system. In fact, the photon never leaves the waveguide into which the quantum node

emitted it, because switching, interference, and detection can all be realized in a waveguide
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geometry [133, 68]. Compact and efficient on-chip photon detectors can be placed anywhere

in the integrated circuit to convert a (fragile) quantum signal into a (robust) classical sig-

nal which can be routed off-chip via standard CMOS electronics such as vias and buried

electrical layers, aiding in the realization of circuit connectivity. The relative simplicity

of the integrated approach is a source of optimism for satisfying the extremely low loss

requirements of useful quantum photonic computation.

SiC-on-insulator is a promising candidate to realize a fully-integrated defect-based quan-

tum photonic processor, using high Q/V photonic crystal cavities, fast cryogenic optical

modulators, and integrated detectors. In order to overcome the challenge of non-unity

yield, each quantum node may consist of N redundant cavity-coupled spin-defect elements

coupled to a bus waveguide. Using this configuration, one can achieve post-selection without

any additional cavity-waveguide losses, by tuning all but one working node away from the

quantum network operation frequency. If necessary, a similar approach can be employed for

post-selection of detectors (which are to be integrated with low-Q resonators or long waveg-

uides to maximize photon absorption probability). Each node is electrically interfaced to

tune the defect optical transition and to coherently manipulate the spin. Fast cryogenic

modulators and switches based on a directional coupler or resonator drop-filter configura-

tion can be integrated directly into the SiC platform, taking advantage of its electrooptic

effect. Cryogenic integration based on this approach has only recently been demonstrated

[50]. To increase the bandwidth and decrease the footprint, an additional electro-optically

active layer, such as barium titanate (BaTiO3) [50], can be sputtered and patterned in an

adiabatic taper atop the SiC waveguide to minimize scattering loss. Finally, regardless of

the optical frequency of operation of the quantum processor, efficient frequency conversion

to the telecommunications band using the strong intrinsic second-order nonlinearity of SiC

(12 pm/V) [162] would prepare the optically-encoded quantum information for long-distance

communication.

In the development of scalable quantum photonic circuits, an emerging technique to de-

vice engineering — photonics inverse design [143, 128, 182] — will likely play an important

role. The near-unity fidelities achieved with classical photonics design, as mentioned above,

are limited to simple photonics building blocks such as a directional coupler. However, for
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more complex tasks, inverse design offers a novel approach for performing targeted opti-

mization against multiple metrics, including robustness to fabrication imperfections (thus

improving the yield) and fabrication constraints [144]. For example, an classical adiabatic

taper between photonic layers [169] is extremely sensitive to misalignment, precluding effi-

cient interlayer coupling in pick-and-place; this limitation is an opportunity to apply inverse

design. The powerful functionality of inverse design has been used to demonstrate efficient

mode conversion [193] and free-space coupling [161], even under stringent fabrication con-

straints [46]. The simultaneous inverse design of photonic structures and embedded color

centers may enable a fully solid-state implementation of a quantum simulator recently pro-

posed for trapped atoms [64].

5.5 Conclusion

In summary, spin-based photonic technologies for quantum computing will likely operate in

the on-chip or distributed network architecture (Fig. 1.2) and will require the integration of

spin-qubit registers with high quality photonic structures and efficient photon detectors to

reduce the total photon loss below the demanding thresholds for quantum computing [138].

While there may be numerous approaches for achieving this goal, we believe that a fully

chip-integrated quantum photonic platform holds the most promise, as this approach is most

scalable and avoids additional coupling loss from waveguide interconnects. SiC has emerged

as a promising platform for realizing this technology with demonstrations of wafer-scale

integration of high quality emitters into semiconductor junctions [3], isotopic engineering

for nuclear spin registers [10, 20], indistinguishable single photon emission [129, 113], as well

as the demonstration quantum-grade SiC-on-Insulator platform for fabrication of photonic

devices [110, 113] that was the subject of this dissertation.
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Quantum optics of soliton microcombs. Nature Photonics, 16(1):52–58, 2022.

[67] Melissa A Guidry, Ki Youl Yang, Daniil M Lukin, Ashot Markosyan, Joshua Yang,
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fenberger, Kathrin Buczak, Tobias Nöbauer, Mark S Everitt, Jörg Schmiedmayer, and

William J Munro. Photonic architecture for scalable quantum information processing

in diamond. Physical Review X, 4(3):031022, 2014.

[136] P Neumann, R Kolesov, B Naydenov, J Beck, F Rempp, M Steiner, V Jacques,

G Balasubramanian, ML Markham, DJ Twitchen, et al. Quantum register based on

coupled electron spins in a room-temperature solid. Nature Physics, 6(4):249–253,

2010.

[137] CT Nguyen, DD Sukachev, MK Bhaskar, B Machielse, DS Levonian, EN Knall,

P Stroganov, R Riedinger, H Park, M Lončar, et al. Quantum network nodes based
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linewidth tin-vacancy centers in a diamond waveguide. ACS Photonics, 7:2356–2361,

2020.
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Photon blockade in weakly driven cavity quantum electrodynamics systems with many

emitters. Phys. Rev. Lett., 122(24):243602, 2019.



BIBLIOGRAPHY 116
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[191] Péter Udvarhelyi, Gergő Thiering, Naoya Morioka, Charles Babin, Florian Kaiser,

Daniil Lukin, Takeshi Ohshima, Jawad Ul-Hassan, Nguyen Tien Son, Jelena Vučković,
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